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1 Summary

One striking observation made when revealing the genetic code of humans was the relative
small number of protein encoding genes that were found. The increased complexity of
this biological system was not reflected by an increased number of genes. Nevertheless for
higher vertebrates an expansion in genome sizes was observed [Yoo and Crabtree, 2009].
Only a small fraction of the genetic code is translated into proteins (approximately 2 %),
although over 90 % of the genome is transcribed. Therefore, not the number of coding se-
quences grew, but the complexity of the machinery helping to interpret and functionally
use the information increased during evolution |International Human Genome Sequenc-
ing Consortium, 2004; Carninci et al., 2008|.

A complex interaction network generates a specific spatial and temporal pattern of cel-
lular activities. This allows formation of complex organisms based on a limited number
of genes. The highly dynamic chromatin structure is a prerequisite for the flexible inter-
pretation of the genetic information. One important class of enzymes directly changes
the structure of chromatin by assembling and repositioning nucleosomes. These chro-
matin remodeling complexes nicely reflect the complexity of the DNA organization and
interpretation machinery. Assembly of chromatin remodeling complexes from several
ATP-dependent DNA translocases in combination with numerous regulatory subunits
generates a large combinatorial diversity [Rippe et al., 2007; Ho and Crabtree, 2010].
Especially during development of the nervous system, activity of diverse remodeling com-
plexes is crucial [Yoo and Crabtree, 2009]. ATPases of the ISWI class are often found
in complexes playing an important role during neural development. The genome of the
fruit fly Drosophila melanogaster encodes only one ISWI ATPase. In mammalians like
human and mouse it is more complex, they have two different ISWI class remodeler
named SNF2H and SNF2L. Although having a highly similar protein structure, both
enzymes show a distinct spatial and temporal expression pattern [Lazzaro and Picketts,
2001]. Nevertheless, the detailed differences and molecular basis of this specialization
remained unclear.

The data presented in this thesis reveal that human ISWI remodeler are highly coopera-
tive nucleosome binder. It is shown that cooperative binding of these chromatin modifiers

is predominately seen for nucleosomal substrates. DNA is bound much less cooperative,



but with a high affinity. In addition, both enzymes form higher molecular weight com-
plexes, mainly di- and tetramers, also in absence of DNA or nucleosomal substrates.
They both differ qualitatively and quantitatively in the way they bind to nucleosomes.
For mono-nucleosomal substrates, SNF2H shows a more cooperative binding than SNF2L
does, while affinity to nucleosomes is higher for SNF2L. These differences were also ob-
served for dynamic binding in presence of ATP. Under competitive conditions, SNF2H
preferentially binds nucleosomes with longer linker DNA, while substrate binding of
SNF2L is not affected by linker length.

In contrast to substrate binding, ATP-hydrolysis activity of SNF2L is dependent of nucle-
osomal linker DNA length and increases with longer linkers, whereas hydrolysis activity
of SNF2H is already maximal stimulated by nucleosome core particles. As also published
by other groups SNF2H is unable to translocate such linker less nucleosomes [He et al.,
2008]. Strikingly, SNF2L pushes the histone octamere over the end of the nucleosomal
DNA. In summary, activity of both paralogs is regulated with respect to the substrate
structure, but on contrary levels.

In order to analyze chromatin structure and dynamical changes in vivo, induced e.g.
by chromatin remodeling machines, an effective method to differentially characterize ac-
cessible, active chromatin regions and inactive heterochromatin is crucial. As shown in
this thesis, limiting amounts of micrococcal nuclease allow a specific characterization
of accessible euchromatin regions. The isolated chromatin fragments displayed a specific
nuclear distribution within distinct decondensed regions as determined by fluorescence in
situ hybridization. Comparative microarray hybridization to an ENCODE chip revealed
a correlation of these open chromatin fractions with active and therefore euchromatic
marks, like histone H3K4 methylation, RNA polymerase II association and transcrip-
tional activity.

Furthermore, differences in methylation of mono-, di- and tri-nucleosomal DNA also
revealed a specific global pattern of 5-methyl-cytosine modifications within human chro-
matin. DNA methylation in vivo is mainly restricted to nucleosomal linker regions.
Therefore, the established method can be used for further characterisation of active
chromatin domains in a relative high resolution. As a next step, the dynamical changes
of chromatin structure can be analysed. Direct manipulation by knock-down or over-
expression of distinct remodeling enzymes, e.g. SNF2H and SNF2L, within HeLa cells
will address the question how chromatin structure and status of these initially charater-
ized regions changes. Furthermore the question whether DNA methyltransferases gain
access to their substrate by structural dynamics, or if their activity is limited to linker

DNA regions in general, can be dissected by this approach in a more detailed way.



2 Introduction

2.1 Chromatin structure

2.1.1 Chromatin

During his microscopic studies at the end of the 19th century Walter Flemming discov-
ered a stainable substance filling the nucleus of an eukaryotic cell. Deduced from the
Greek word "chroma”, meaning coloured, he introduced the term "chromatin".

With respect to differences in the density of the chromatin, it is divided into euchro-
matin and heterochromatin. Decondensed euchromatin is mainly found in the center of
a nucleus, whereas heterochromatin is located at the periphery. Today it is known that
one major component of chromatin is the genomic DNA. In addition with proteins, like
histones, and non-conding (nc) RNA as essential structural and functional component,
eukaryotic genomes are organized into specialized nucleoprotein complexes [Pederson
and Bhorjee, 1979; Rodriguez-Campos and Azorin, 2007; Mondal et al., 2010]. Hete-
rochromatin is further divided into constitutive heterochromatin, rich in repetitive DNA
sequences from telomeres and centromeres, encoding only few genes, and in facultative
heterochromatin, formed by potentially active regions that can adopt the structural and

functional characteristics of heterochromatin.

The observed differences in the density reveal the two contradictory demands the ge-
netic information has to meet within the nucleus. First, the DNA of a human cell with
a length of 1.7 meters has to fit into a cellular compartment with an average diameter
of only 10 pm. These spatial constraints underline the need for a 10,000 fold compaction
of the genetic information. Second, this highly compacted DNA has to be rapidly ac-
cessible to allow the readout of stored information. All important cellular processes like
replication, repair and recombination are dependent on access to DNA [Felsenfeld, 1978|.
Therefore chromatin has a highly dynamic architecture allowing structural changes in

response to external and internal signals.
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2.1.2 The nucleosome

Several distinct levels of compaction are essential to generate a chromatin structure that
allows high condensation while being accessible at the same time. The basic structural
unit of chromatin is the nucleosome, which compacts DNA about sevenfold [McGhee and
Felsenfeld, 1980; Kornberg, 1974; Ho and Crabtree, 2010]. The nucleosome core particle
is formed by a stretch of 147 bp DNA wrapped in 1.7 left handed superhelical turns
around a core of eight basic histone proteins. This nucleoprotein complex is stabilized
by 14 direct histone-DNA-interactions. The histone core is composed of a (H3/H4),
tetramer and two histone (H2A /H2B) dimers [Luger et al., 1997; Richmond and Davey,
2003].

Beside these canonical nucleosomal particles, also smaller non-octameric ones are known.
These non-canonical nucleosomes somehow reflect the assembly and disassembly path-
way of nucleosome reconstitution. During assembly, the (H3/H4), tetramer binds first to
DNA followed by recruitment of (H2A /H2B) dimers [Luger, 2003]. If DNA is wrapped
around a core formed by a (H3/H4)y tetramer associated with only one (H2A/H2B)
dimer, the complex is called "hexasome" (figure 2.1). These particles are found in vitro
[de la Escalera et al., 1988] and in vivo, but the biological functions are not fully un-
derstood. Whether a hexasome is formed by eviction of a (H2A/H2B) dimer from an
octamer, or by de novo assembly is still unclear, but hexasome formation seems to coin-
cide with RNA polymerase II activity [Zlatanova et al., 2009].

Also the relevance of a tetrasome remains obscure, representing an alternative non-
canonical nucleosome |[Alilat et al., 1999]. As a consequence of the smaller histone
core, consisting only of a (H3/H4)s tetramer, less than one superhelical turn of DNA
is wrapped around it.

In all cases, the basic N-terminal histone domains extend from the nucleosomal sur-
face and are accessible for modifying enzymes (section 2.1.3) or chromatin remodeling

machines (section 2.3.1).

2.1.3 Histone proteins

All four core histones H4, H3, H2A and H2B are 11-16kD small basic proteins that
are highly conserved throughout different species (figure 2.2). The central "histone fold
domains", consisting of three a-helices connected by two loop regions, are most conserved.
In contrast to this, the N-terminal domains are much more variable and unstructured,
also extremely basic due to several lysine and arginine residues. These positive charged
"tails" facilitate interactions with the negative charged DNA and these amino acids can
be post-translationally modified (section 2.2.2) [Khorasanizadeh, 2004].
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octasome tetrasome

hexasomes

Figure 2.1: Models of different nucleosomes
147 bp B-form DNA is modelled in 1.7 left handed superhelical turns around an octamer of H2A
(yellow), H2B (red), H3 (blue) and H4 (green), called octasome. The tetrasome contains four his-
tones (H3/H4), and DNA is wrapped in less than one superhelical turn. Formation of a hexasome
from an octamer releases 48 bp, but still more than one superhelical turn of DNA stays bound.
The two different structures represent both possible hexasome forms: (H2A/H2B)(H3/H4), or
(H3/H4)2(H2B/H2A) (according to [Zlatanova et al., 2009]).

During evolution, further specialized variants of histones developed and adopted specific
functions. Differences in their stability, DNA wrapping, domains that regulate access
to DNA, and post-translational modifications are known today (see also section 2.2.2).

In contrast to their canonical counterparts, transcription of most histone variant genes
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(H3/H4)2 tetramer

(H2A/H2B) dimer H5 linker histone
C

Figure 2.2: Struture of core and linker histones
H3 (green) and H4 (yellow) form a tetramer by interacting with central domains consisting of
three a-helices. N-terminal domains are unstructured and protruding from the central core.
H2A (red) and H2B (pink) form a dimer. The linker histone H5 has a conserved wing helix fold
(according to [Khorasanizadeh, 2004]).

is independent of S-phase [Wu and Bonner, 1981; Talbert and Henikoff, 2010]. Histone
H3 variants exist in different forms. One, named CENP-A (Centromere Protein A)
or CenH3, is maintaining the specific structure and functionality of centromeres [Black
et al., 2007; Panchenko and Black, 2009].
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Another variant of H3, H3.3, is detected at promoter regions of active genes, whereas
transcribed regions show a reduced occupancy [Mito et al., 2005]. An alternative H2A hi-
stone called H2A.Z displays only 60 % sequence identity with H2A [Wu and Bonner, 1981]
and is globally enriched in regions close to promoter sequences. Furthermore, it is pro-
posed to positively influence transcriptional activity |Guillemette and Gaudreau, 2006/,
although it is additionally found in facultative heterochromatin |Greaves et al., 2006].
MacroH2A is another, larger form of H2A, with a C-terminus of unknown function. It
is co-localizing with transcriptionally repressed X chromosome and pericentromeric het-
erochromatin [Chakravarthy et al., 2005].

The non-nucleosomal histones H1 and H5 interact with the linker DNA between two
nucleosome core particles and in contrast to the core histones are not well conserved be-
tween species. Their structure is based on three different domains: a globular, non-polar
central domain, essential for interactions with DNA and two unstructured highly basic N-
and C-terminal domains. These are target sites for different post-translational modifica-
tions. Linker histones are known to influence spacing of nucleosomes and they facilitate
interactions between adjacent nucleosomes in vivo. Therefore they play an important

role in higher-order compaction of chromatin.

2.1.4 Higher-order chromatin structures

Partial digestion of chromatin revealed that in vivo octameric nucleosome core particles
form regularly spaced arrays. This observation was also confirmed by electron micro-
scopic studies, displaying "beads on a string" like structures [Olins and Olins, 2003].
The nucleosome core particles are connected by stretches of linker DNA. The size of
these DNA stretches is dependent on species, cell type and developmental stage [van
Holde, 1989]. Under physiological conditions, the nucleosome core particles are associ-
ated with linker histones H1/H5. These linker histones bind to a stretch of 20 bp DNA
at the nucleosomal entry/exit site, where the non-nucleosomal linker DNA protrudes
from the octamer surface [Wolffe, 1997; Wolffe and Kurumizaka, 1998|. This first level
of compaction is also called "11nm fiber".

Interaction of adjacent nucleosomes facilitated by linker histones induces formation of the
so-called "30nm fiber" . The detailed structure of this second level of chromatin folding,
and also all higher levels, are still unknown. Despite the lack of high resolution structures,
there is evidence supporting two proposed models for the 30 nm fiber [Tremethick, 2007].
In the solenoid model, consecutive nucleosomes are next to each other within a fiber,

following the same helical path folding into a one-start helix [Robinson and Rhodes, 2006].
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Figure 2.3: Different levels of DNA compaction in chromatin

(A) Folding of DNA to static metaphase chromosomes. First level of DNA compaction is reached
by wrapping of DNA (0) around the histone octamer, forming the nucleosomes (1). These strings
of nucleosomes are further condensed forming the second level with the 30-nm fibers through
histone tail-mediated nucleosome-nucleosome interactions (2). Further levels of compaction (3-
5) still remain unclear, but at the end a microscopically visible metaphase chromosome is formed
(5) (modified from [Felsenfeld and Groudine, 2003]).

(B) Model of chromatin compaction in a nucleus of a G1 active cell. First and second level folding
as described in A, tail-mediated association of individual fibers produces tertiary structures, like
chromonema fibers. In contrast A during G1 chromatin is not condensed to the highest level,

the metaphase chromosome (taken from [Horn and Peterson, 2002])



Chapter 2. Introduction 9

The second model, called zigzag helix, proposes a two-start helix, in which the 10 nm
fiber folds into a zigzag structure. Consecutive nucleosomes are next to each other in
different helical stacks, connected by straight linker DNA [Khorasanizadeh, 2004; Schalch
et al., 2005].

Analyses of DNA accessibility within in vitro assembled chromatin fibers revealed an
interesting effect. The access of restriction enyzmes to nucleosomal DNA decreased up
to 8 fold when a higher-order chromatin fiber was formed. Strikingly, the accessibility
to the linker DNA decreased as much as 50 fold compared to free DNA [Poirier et al.,
2008]. These results indicate that in higher-order chromatin nucleosomes are not only
the first level of compaction, but furthermore maintain dynamic accesses to the genomic
information. The next folding steps on the way to an optically visible metaphase chromo-
some remain elusive. As displayed in figure 2.3 A, two further levels of condensation are
proposed (3 and 4) until the 10,000 fold compacted metaphase chromosome is formed.
Formation of these very condensed separable chromatin units takes only place during mi-
tosis, after the nucleus has disintegrated. The model depicted in 2.3 B shows an example
of the chromatin condensation within the nucleus of a cell in G1-phase. Even if little is
known about the detailed structure of the higher hierarchy levels, more and more evi-
dence is found, indicating that non-coding RNA plays an important role in establishing
these structures [Pederson and Bhorjee, 1979; Mondal et al., 2010].

It is thought that the three-dimensional organization within the nucleus is maintained
by tethering large chromatin domains to a karyoskeleton. These structures are called
nuclear-matrix or scaffold and the specific DNA elements binding to it are termed Matrix
Attachment Regions (MAR) or Scaffold Attachment Regions (SAR) accordingly [Han-
cock, 2000; Cremer et al., 2004].

2.1.5 Nuclear compartments

A first model addressing the question how chromosomes, visible during mitosis, are or-
ganized during interphase was proposed by Carl Rabel in 1885. He proposed a local
distribution of single chromosomes in defined territories even during interphase [Rabel,
1885]. A few years later the term "chromosome territories" was introduced by Theodor
Boveri [Boveri, 1909].

These territories do not only reflect the proximity of adjacent regions of an individual
chromosome, but also display a specific non-random radial distribution within a nucleus.
Gene-poor, inactive chromsomal segments are located in the nuclear periphery and gene-
rich, active regions are more centrally positioned [Zink et al., 1998; Tanabe et al., 2002].

This correlation of structure and function is also observed for chromosome territories.
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For example the human chromosome 19, with the highest gene density, is found in the in-
terior of nuclei, whereas the gene poor chromosome 18 is located at the nuclear periphery
[Croft et al., 1999; Cremer et al., 2001, 2003].

Nuclear Interchromatin
speckle compartment

Chromosome Nuclear

territories

Nuclear
envelope

Chromosome
territories

Figure 2.4: Chromosome territories within a human nucleus
The nuclear envelope and lamina define the border of the nucleus, while pores allow gated trans-
port through this barrier. Chromosomes are localized within the nucleus at defined chromosome
territories (CTs), and also higher-order chromosome territory interchromatin-compartments (CT-
IC) are depicted (white). Nuclear organizer regions (NORs) form the nucleolus. Several distinct
substructures can be found in larger ICs: Nuclear speckles (dark blue), Cajal bodies (orange)
and PML bodies (red) (taken from [Lanctot et al., 2007]).

But the nuclear architecture is even more complex since there exist many subcompart-
ments in the nucleus (figure 2.4). Between these higher-order chromatin compartments,
also chromatin-free domains are present. Lined by chromatin-domains, ribonucleoprotein

networks are located within these areas.
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One of these RNA-rich compartments are the Cajal bodies, involved in processing of
nuclear RNA and assembly of spliceosomal components [Stanek and Neugebauer, 2006].
Another defined structure are the PML bodies, specified by an enrichment of the Pro-
myeolotic Leukemia (PML) RING-finger protein. Several functions in DNA repair, tu-
mor suppression, viral pathogenicity and transciptional regulation are implicated [Brand
et al., 2010], but the precise functions of PML bodies in these processes is still unknown.
However their formation seems to be mediated by telomeric DNA [Brouwer et al., 2009].
Nuclear speckles are irregular structures with high concentrations of splicing factors and
small ribonucleoprotein particles [Lanctot et al., 2007].

The nucleolus is formed by clustering of Nucleolar Organizer Regions (NORs) of the
acrocentric chromosomes. The function of this compartment is well known. RNA poly-
merase | dependent transcriptional activity of 7TRNA genes and maturation of ribosomal
RNA takes place within the nucleolus. As a consequence of the high transcriptional ac-
tivity, the DNA is in a very open conformation. Therefore, the nucleolus appears as a

region of low DNA density under the microscope.

2.2 Chromatin dynamics

2.2.1 Chromatin movement

Recent advances in high resolution single cell microscopy further indicate that higher-
order structure of chromatin has a major impact on gene expression and regulation
[Cremer et al., 2004; Lanctot et al., 2007]. Generally, transcriptionally active euchromatin
is supposed to adopt open conformations. Therefore, gene-rich domains are enriched
in open chromatin fibers, whereas more condensed heterochromatin is inactive |Gilbert
et al., 2004].

Long term changes in the activity of gene expression coincide with remodeling of higher-
order chromatin structure. With respect to changes of the gene activity chromatin do-
mains move closer to open, internal regions or to compacted areas in the nuclear periphery
(figure 2.5) [Cremer et al., 2001]. Using the E. coli lacO/lacl repressor system in human
cells, it could be shown that recruitment to the nuclear lamina leads to down regulation
of adjacent chromatin domains. The down regulation of gene expression in the nuclear
periphery was dependent on the activity of histone deacetylases [Finlan et al., 2008|. Ob-
viously, remodeling of chromatin is one cause for alterations in transcriptional activity,
rather than being a consequence of this effect. From this point of view, the process of cell
differentiation implicates not only a cell specific expression pattern, but also generation

of a nuclear architecture reflecting this specific activity profile [Cremer et al., 2001].
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Figure 2.5: Chromatin movement within a nucleus
(A) Two gene loci (red) of different chromosome territories (grey) are interacting with a pre-
existing silencing compartment (blue). Movement of the chromosome territories is indicated by
arrows, structural changes before and after remodeling are superimposed by dotted lines.
(B) Repositioning of these loci from the silencing compartment to an activating one (green)
induces gene activity (from [Lanctot et al., 2007]).

2.2.2 Histone modifications

Another important level at which activity of genomic elements is regulated are post-
translational modifications of histones. These modifications affect chromatin directly at
the nucleosomal level. As already mentioned in section 2.1.3, unstructured N-terminal
histone domains are the primary target site for such covalent modifications. These struc-
tural alterations are highly dynamic and well regulated by specific enzymes. The vast
variety of modifications and the combinatorial complexity, which generates modification
patterns, led to the proposal of a "histone code" hypothesis [Strahl and Allis, 2000; Fis-
chle et al., 2003]. The defined histone patterns affect chromatin structures and direct

interacting proteins, therefore specifically regulate the activity of chromatin regions.

2.2.2.1 Histone methylation

Methylation of arginine and lysine residues are the best described post-translational
modifications of histone proteins. For histone H3 mono-, di- and tri-methylation at

residue K4, K9, K27 and K36 is known, and at lysine K20 for histone H4.
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Additionally, also lysine 79 within the globular domain can be modified [Vakoc et al.,
2006; Vaquero et al., 2003]. Modification of H3K4 is involved in the activation of gene
transcription and marks active genes [Santos-Rosa et al., 2002; Vaquero et al., 2003;
Bannister et al., 2005; Bernstein et al., 2005]. Genome wide studies revealed an increase

of H3K4 di- and tri-methylation at open, DNasel sensitive sites [Consortium et al., 2007].

In contrast, methylation of lysine 9 of histone 3 (H3K9) is associated with heterochro-
matin formation and transcriptional repression. As expected for heterochromatin H3K9
tri-methylation is underrepresented in early replicating genome segments. Late replicat-
ing ones show a higher occupancy of histones with this mark [Consortium et al., 2007]
and are found in pericentromeric regions, together with mono-methylated H3K27 [Peters
et al., 2003; Martens et al., 2005]. At these sites, no enrichment of the mono- and di-
methylated forms of H3K9 (H3K9me2 and H3K9mel) or H3K27me2 and H3K27me3 is
detected, underlining the specific functions of differentially methylated histones |[Peters
et al., 2003; Vakoc et al., 2006]. In contrast to these findings, H3K9me3 is also found
at some active genes [Margueron and Reinberg, 2010; Campos and Reinberg, 2009|. For
H3K27, it is known that methylation strongly facilitates binding of the polycomb (PC)
protein, mediated by the methylation sensitive chromo domains. This binding leads to

silencing of the developmentally important homeotic (Hox) genes [Cao et al., 2002].

The transfer of a methyl group from S-Adenosyl-L-Methinone (SAM) to the e-amino
group of theses lysine residues is catalyzed by Histone Methyl Transferases (HMT).
The corresponding modification of arginine residues is catalyzed by Protein Arginine
Methyltransferases (PRMT) [Vaquero et al., 2003]. The homolog to Drosophila Suvar3-
9 (Suppressor of position effect variegation) was the first human HMT [Rea et al., 2000],
with a SET domain as active core |Zhang and Reinberg, 2001|. Suvar3-9 catalyzes the
methylation of histon H3 at lysine 9 and therefore plays an important role in heterochro-
matin formation. H3K9 methylation if followed by binding of Heterochromatin Protein
1 (HP1). Binding of HP1 to the methylated H3 is also mediated by chromodomains and

represents a characteristic mark of inactive heterochromatin [Lachner et al., 2001].

Until discovery of the first enzyme catalyzing the removal of methyl groups from histones,
these marks were thought to be an irreversible modification, due to the kinetic stability
of the nitrogen-methyl bond. This picture changed when the first demethylase LSD1 was
found, catalyzing demethylation of lysine 4 in histone H3 [Shi et al., 2004]. Therefore,

also histone methylation is a highly dynamic epigenetic modification.
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2.2.2.2 Histone acetylation

Another well studied post-translational modification is the acetylation of histones. Histone
Acetyl Tranferases (HAT) catalyze the transfer of an acetyl group from acetyl-coenzyme-
A to the e amino group of a histone lysine residue. This modification is observed at the
N-terminal domains of all four core histones [Vaquero et al., 2003]. H3 is acetylated at
lysine K9, K14, K18, and K23, histone H4 at residue K5, K8, K12, and K16, histone
H2B at K5, K12, K15, and K20 and histone H2A only at K5 and K9 [Roth et al., 2001;
Sterner and Berger, 2000].

One consequence of the acetylation at these residues is the neutralization of the positive
charge of the amino groups. This decreases the affinity of histone tails to DNA and the
ability to interact with other histones (see section 2.1.4) [Hong et al., 1993; Workman
and Kingston, 1998; Vaquero et al., 2003|. In general, histone H3 and H4 acetylation is
related to active gene transcription. Therefore, genome wide studies revealed a correla-
tion of H3K4me2 and H3K4me2 methylated histone H3 and acetylation of H3 and H4
[Consortium et al., 2007].

The acetyl groups can be removed by one of the 18 human HDAC enzymes. The conse-
quence of deacetylation of histone tails is an increased intranucleosomal binding of these
domains, because of the repolarization of the amino groups of the lysine residues [Luger
and Richmond, 1998; Robinson et al., 2008]. Furthermore, loss of these marks results
in a decreased binding of transcription factors, like TAFII mediated by bromodomains
[Jacobson et al., 2000; Dovey et al., 2010]. All together, hypoacetylation by HDACs

results in transcriptional repression [Vaquero et al., 2003].

2.2.2.3 Other histone modifications

Phosphorylation is an important post-translational modification regulating the activity of
diverse cellular proteins. The four core histones and linker histone H1 are phosphorylated
in vivo |Vaquero et al., 2003]. Modification of histone H1 and H3 by phosphorylation has
been shown to play a role in condensation and segregation of chromosomes [Guo et al.,
1995; Vaquero et al., 2003|. Phosphorylation of serine 10 in H3 (H3S10) obviously in-
hibits methylation of H3 at lysine 9, thus these two histone marks are mutually exclusive
[Rea et al., 2000].

Another serine residue phosphorylated in eukaryotes is H3S28. Phosphorylation of H3P10
increases during cell cycle at the beginning of the G2 phase. First, pericentromeric het-
erochromatin is affected and then the signal spreads until metaphase to the rest of each
chromosome |[Hendzel et al., 1997]. Modification of H3 is catalyzed by several kinases
[Vaquero et al., 2003].
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Covalent conjugation of the 76 amino acid large ubiquitin protein to histones has two
different functions [Conaway et al., 2002|. Poly-ubiquitination is a general cellular sig-
nal for protein degradation by the 26 S proteasome [Pickart, 2001]. In contrast to this
mono-ubiquitination of histones acts in transcriptional regulation. Like acetylation, also
ubiquitination of H2A and H2B can affect the chromatin structure by destabilizing the
interactions with (H3H4)y tetramers [Li et al., 1993|.

It was also reported that H3K4 methylation by Setlp is linked to mono-ubiquitination
of H3K123 in yeast [Sun and Allis, 2002|. Ubiquitination of histones H2A and H2B are
most abundant, but H3 and H1 are also conjugated to ubiquitin [Belz et al., 2002]. Mono-
ubiquitination of H1 acts as an activating signal in combination with the transcriptional
coactivator TAFII250 [Pham and Sauer, 2000]. Additionally, also a role in gene silencing
is proposed |[Huang et al., 1997].

Further support for a "histone code" is given by ADP-ribosylation of histones. NAD™ as
co-substrate links this modification to the activity of HDAC class III (see section 2.2.2.2)
[Vaquero et al., 2003]. Because NAD™ is also an important metabolic intermediate, these
modifications can connect the transcriptional activity of a cell to the cellular energy state.
Transfer of ADP-ribose to glutamic acid residues within stretches of polyglutamate or
to single arginine residues is predominantly observed for histone H1 and H2B, but in
general all histones can be ADP-ribosylated [Jacobson and Jacobson, 1999]. For histone
H4, a strong correlation of ADP-ribosylation and hyperacetylation is observed |Golderer
and Grobner, 1991].

Lysine residues of histones are also substrates for carboxylases. Biotinylated forms of all
histones can be found within a nucleus. Histone H4KS8- and K12-biotinylation appears to
be involved in the formation of heterochromatin structures and in gene silencing [Hassan
and Zempleni, 2006; Vaquero et al., 2003].

Finally, also sumoylation, propionylation, and butyrylation of histones is observed [Smith
and Denu, 2009]. In summary, post-translational modifications of histones allow the es-
tablishment of very defined signal patterns, however the detailed functions of all known

modifications remain elusive.
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2.2.3 DNA methylation

One of the most important epigenetic modifications is directly affecting the DNA. In the
human genome DNA methylation occurs at the C-5 position of a cytosine base when
being part of a CpG di-nucleotide [Hermann et al., 2004]. Positioned in the major
groove of the DNA, this modification is very accessible for interacting proteins, while
not interfering with the encoding Watson/Crick base-pairing. Hence 5-methyl-cytosine
is very stable and plays an important and specific role in regulation of genetic activity.
It is also referred as the Hth base of the genetic code.

DNA methylation generally leads to gene silencing, therefore playing an important role
in gene regulation. Furthermore, it is crucial for maintaining the genome stability by
inactivating transposable repetitive DNA elements [Yoder et al., 1997b].

In total only 1 % of all bases are 5-methyl-cytosine, but 70-80 % of all CpG di-nucleotides
are methylated [Ehrlich et al., 1982; Jeltsch, 2002]. CpG di-nucleotides are unevenly
distributed through out the genome. Regions enriched in CpG nucleotides are called
CpG Islands (CGls) [Jones and Liang, 2009|. Interestingly theses sequence motifs are
over-represented in promoter and exonic regions of approximately 40 % of all mammalian
genes [Kim et al., 2009]. Other parts of these genomes contain only a few CpG di-
nucleotides, and these are largely methylated |Larsen et al., 1992; Kim et al., 2009].

2.2.4 Chromatin assembly

The process of assembling DNA into chromatin by deposition of positively charged his-
tone proteins onto the negatively charged DNA is catalyzed and controlled by assembly
factors. By this mechanisms the access of DNA dependent factors is tightly controlled
and directly affects the activity of packed DNA sequences. The large pool of specialized
histone variants (see section 2.1.3) in combination with the numerous post-translational
modifications (see section 2.2.2), of which some are modified before deposition (e.g.
H4K5 and K12 acetylation [Sobel et al., 1995|), make highly dynamic changes of chro-
matin structure and therefore also functionality possible.

Especially after replication histone deposition plays a crucial role for inheriting the epi-
genetic marks [Margueron and Reinberg, 2010]. The specific and well controlled process
of chromatin assembly is catalyzed by specific protein factors. One class of these proteins
facilitating nucleosome formation are histone chaperones. Factors like the Alternative
Splicing Factor 1 (ASF1) interact with dimers of H3/H4 [English et al., 2006; Natsume
et al., 2007] and load these nucleosome building blocks onto both strands of newly repli-
cated DNA [Campos and Reinberg, 2009]. It is suggested that H3/H4 is deposited as

tetramer, therefore two molecules ASF1 interacting with H3/H4 dimers are supposed to
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transfer the histones to Chromatin Assembly Factor 1 (CAF1), in turn assembling a
tetramer onto the DNA |[Ransom et al., 2010|. The tetramer assembly is followed by re-
cruitment of two H2A /H2B dimers binding to each side of (H3/H4)s [Eitoku et al., 2008].
Other histone chaperones, e.g. Nucleosome Assembly Protein 1 (NAP1), and histone
chaperone-like factors like for example FACT (Facilitates Chromatin Transcription) or
nucleoplasmin bind preferentially to H2A /H2B dimers. This suggests a role as supplier
of histone H2A /H2B dimers to each histone (H3/H4)s tetramer during formation of a
new nucleosomes |[Eitoku et al., 2008]. NAP1 is not only described as assembly factor
for core nucleosomes, but also for linker histone H1, modulating binding of H1 to the
chromatin fiber [Kepert et al., 2005].

An important replication independent assembly activity is the exchange of canonical
histones and variants. The SWRI1 complex is known to specifically remove canonical
H2A /H2B dimers and to replace them by H2A.Z /H2B dimers, thereby integrating H2A.Z
into chromatin |Clapier and Cairns, 2009|. This is predominantly observed at promoters,
where H2A.Z nucleosomes typically flank the nucleosome free regions. Histone variant
H3.3 is deposited by the Histone Regulatory Protein A (HIRA) complex [Tagami et al.,
2004].

Finally, the activity of nucleosome spacing factors is required to generate regularly spaced
arrays of newly assembled nucleosomes, which is characteristic for the native conforma-
tion of chromatin |[Haushalter and Kadonaga, 2003|. The ATP-utilizing Chromatin
Assembly Factor (ACF), a protein complex containing the ATP-dependent nucleosome
remodeling enzyme ISWI (Imitating Switch), is known to assemble chromatin in vitro.
In the presence of the histone chaperone NAP1, it establishes regularly spaced nucleoso-
mal arrays, including linker histone H1 [Haushalter and Kadonaga, 2003; Lusser et al.,
2005]. A comparable activity is also shown by the CHD1 (Chromo-ATPase/Helicase-
DNA-binding protein 1), apart from H1 assembly into chromatin [Lusser et al., 2005].

2.2.5 ATP-dependent chromatin remodeling

Repositioning of nucleosomes changes of chromatin structure during replication, when
newly synthesized DNA gets assembled into regularly spaced arrays. This activity is also
needed independent from this process in order to alter the chromatin structure locally.
The translocation of histone octameres relative to the bound DNA is catalyzed by so
called "chromatin remodeling factors" in an ATP-dependent reaction.

Factors like ACF are known to rearrange nucleosomes to form regularly spaced arrays.
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However, repositioning of nucleosomes in a DNA specific manner is much more complex.
For example, ACF is capable of translocating nucleosomes at promoter sequences to de-

fined positions, dependent on the underlying DNA sequence [Rippe et al., 2007].
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Figure 2.6: Different levels of chromatin changes
Chromatin is modified at different levels. Changes like post-translational modifications (PTMs)
of histones, methylation of DNA, exchange of canonical histones, nucleosome occupancy and
global nuclear arrangement of chromatin contribute to the characteristic of certain chromatin

domains, influencing also the activity of these genomic regions (from [Margueron and Reinberg,
2010]).

The combination of all the different modifications depicted in figure 2.6 generates a
specific landscape with patterns characteristic for individual chromatin domains. Since
all modifications are dynamically regulated, this complex network allows a highly specific
control of the nuclear activity of a human cell. But neither the detailed mechanisms of
each regulatory level are known, nor the complex interactions connecting all processes

within a nucleus are fully understood.
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2.3 Chromatin remodeling

Chromatin remodeling resembles the basic level of structural dynamics. Global changes
conducting transition processes during development and differentiation are based on
molecular changes on the nucleosomal level. Remodeling enzymes regulate not only
the access to DNA itself by changing the chromatin structure, but also interact in a co-
ordinated manner with all different classes of chromatin modifying enyzmes, like HMTs,
HDACs and DNMTs.
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Figure 2.7: Different activities of chromatin remodeling enzymes
(A) Remodeling ATPases (green) can facilitate chromatin assembly and regularly space assem-
bled nucleosomes.
(B) Repositioning or ejection of a nucleosome generates access to DNA (red) for a DNA-binding
protein (yellow). The same accounts for local unwrapping of nucleosomal DNA.
(C) Remodeling enzymes also catalyze changes in the chromatin composition by exchange of
histone dimers (e.g. H2A/H2B dimers) with an alternative dimer containing a histone variant
(blue), or by ejection of dimers (from [Clapier and Cairns, 2009]).

2.3.1 Remodeling machines

The diversity of cellular processes accounts for a highly complex machinery to regulate
chromatin structure specifically. This complexity is generated by a combination of active

motor proteins and regulatory subunits, forming a large number of remodeling complexes.
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The human genome encodes for 32 genes of non-redundant remodeling enzymes. Combi-
natorial assembly of several hundred different chromatin remodeling complexes expands
the diversity of specifically controlled gene expression patterns [Rippe et al., 2007; Ho
and Crabtree, 2010]. All ATP-dependent DNA translocases show two recA-like helicase
domains in their active center, characteristically for helicase-like Superfamily 2 (SF2).
Conformational changes between these two domains, induced by hydrolysis of a bound
ATP molecule, are the driving force of the translocation reaction, hence converting the
chemical energy into mechanical force [Ye et al., 2004].

Based on the sequence similarity to the Snf2 protein from Saccaromyces cerevisiae mem-
bers of this helicase-like superfamily are grouped into the Snf2 family (see figure 2.8).
The gene coding for the yeast Snf2 protein was first described as Sucrose non-fermenting
gene 2 (sfn2), hence strains with a mutated allelw of this gene are unable to metabolize
glucose [Neigeborn and Carlson, 1984]. Later, it was shown that Snf2 is a DNA stimulated
ATPase relevant for transciptional activation [Laurent et al., 1993]. Today, 24 distinct
subfamilies of the Snf2 family are identified [Flaus et al., 2006]. Although the Snf2 fam-
ily is a large group of ATP-dependent enzymes, ubiquitously found in eukaryotes, not
all members of this family are DNA tranlocases. For example Rad54 and Rad51 pro-
mote strand pairing, while Mot1 displaces the TATA-binding protein from DNA [Flaus
et al., 2006|. Nevertheless, a large pool of Snf2 family members displays chromatin re-
modeling activity and participates in many DNA-mediated processes like transcriptional
regulation, DNA repair, homologous recombination and chromatin assembly |Lusser and
Kadonaga, 2003; Clapier and Cairns, 2009].

Apart from this classification based on multisequence alignments the remodeling enzymes
are also grouped according to the domains flanking the catalytic helicase domains. Based
on this more functional comparison four major classes of chromatin remodeling enzymes
are distinguished: SWI/SNF, CHD, INO80 and the ISWI family [Clapier and Cairns,
2009] (see figure 2.9). According to the subfamily classification introduced by Flaus et
al. shown in figure 2.8, the INOS&O class is formed by subfamily members of the Swrl-like
group, whereas SWI/SNF, CHD and ISWI class belong to the Snf2-like group.

2.3.1.1 SWI/SNF remodeler

The first member of the SWI/SNF (Switching defective/Sucrose Non-Fermenting) fam-
ily remodeler was purified from Saccharomyces cerevisiae and composed of 8 to 14 sub-
units [Clapier and Cairns, 2009]. The characteristic bromodomain recognizes acetylated
lysine residues. For yeast RSC4 it was shown, that the protein interacts not only with

H3K14ac in vitro but also activates gene transcription in vivo [Kasten et al., 2004].
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Figure 2.8: Snf2 family of ATPases

(A) Following the hierarchical classification, the SNF2 family is part of the helicase-like
superfamily 2 (SF2). A similarity of the helicase-like regions to yeast Snf2p is characteristic
for the Snf2 family. The Snf2 family is composed of a larger group of ATP-dependent enzymes,
further grouped into subfamilies. A subset of these Snf2 subfamilies shows a chromatin remod-
eling activity [Lusser and Kadonaga, 2003].

(B) Relative distance of subfamily members shown as rooted tree, calculated using HMM profiles
for full-length alignments of the helicase regions. Grouping of subfamilies is depicted by different
colours (from [Flaus et al., 2006]).
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Figure 2.9: Domain structure of remodeling ATPases
The catalytic core of all remodeling ATPases is formed by two recA-like helicase domains: DExx
(red ) and HELICc (orange). The INO80 group has a characteristic long insertion (yellow)
splitting both domains, whereas in all other families both helicase motifs are in relative proximity
with a short insertion (grey). The bromodomain (light green) is characteristic for the SWI/SNF
family, like the SANT-SLIDE module (blue) for ISWT family and the tandem chromodomains
(magenta) for the CHD family. A HSA (helicase-SANT) domain (dark green) is present in
members of SWI/SNF and the INO80 family (from [Clapier and Cairns, 2009]).

Mammalian genomes encode two homologous ATPases of the SWI/SNF complex. BRM
(Brahma) and BRG1 (Brahma-Related Gene 1) are present in distinct complexes, e. g.
in association with BAF155 or BAF170 (Brahma-Associated Factor).

These BAF complexes play an important role during development and undergo progres-
sive changes in subunit composition during these processes [Ho and Crabtree, 2010].
Recent studies reported, that BAF complexes are essential for maintaining pluripotency
and self-renewal in mouse Embryonic Stem Cells (ESCs) [Yan et al., 2008; Gao et al.,
2008; Ho et al., 2009]. The stem cell specific complex, called esBAF, contains BRG1 as
an ATPase instead of BRM and BAF155 rather than BAF170 [Yan et al., 2008], reg-
ulating the transcriptional network of the ESCs [Ho and Crabtree, 2010]. Deletion of
BAF155 is lethal to the embryo prior implantation [Klochendler-Yeivin et al., 2000; Kim
et al., 2001]. Furthermore RNAi-mediated depletion prevents silencing of Nanog and sup-
pressed compaction of chromatin and heterochromatin formation during differentiation.
This underlines the crucial role of esBAF for facilitating the exit from self-renewal state

and subsequent differentiation into cells of distinct lineages [Ho and Crabtree, 2010].
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2.3.1.2 CHD remodeler

The CHD (Chromodomain, Helicase, DNA binding) remodeler are characterized by their
two chromodomains and were first described in Xenopus laevis. These domains medi-
ate binding to methylated lysine, but also interact with DNA and RNA [Brehm et al.,
2004]|. The tandem chromodomains of hCHD1 were shown to bind to H3K4me2 or me3,
therefore recruiting the remodeler to active chromatin [Flanagan et al., 2005; Sims et al.,
2005]. On polytene chromosomes from salivary glands of Drosophila melanogaster larvae
dCHDL1 localizes to regions associated with high transcriptional activity [Stokes et al.,
1996]. CHD1 ATPase from Drosophila is active as monomeric protein, although it can
associate with further regulatory subunits [Lusser et al., 2005|. In vitro dCHD1 shows a
chromatin spacing and assembly activity, but does not incorporate the linker histone H1
into nucleosomal arrays. Furthermore, it generates a shorter nucleosome repeat length
compared to other remodeling factors [Lusser et al., 2005].

In mouse embryonic stem cells CHD1 is essential to keep chromatin in an hyperdynamic
euchromatic state, therefore maintaining pluripotency [Gaspar-Maia et al., 2009|. In
contrast to this activating complex, others including the vertebrate Mi2 (CHD3/CHDA4)
machines act as repressors. For example the NuRD (Nucleosome Remodeling and
Deacetylase) complex is associated with repressive functions. The Methyl-CpG-Binding
Domain (MBD) within this complex links DNA methylation to the activity of the asso-
ciated histone deacetylases (HDAC1/2) [Flaus et al., 2006].

2.3.1.3 INO8O0 remodeler

Remodeling ATPases of the INO80 group are characterized by the relatively large in-
sertion between both helicase domains (see figure 2.9). The yINOS80 enzyme was the
archetype ATPase of this group found in yeast, functionally related to the inositol biosyn-
thesis [Ebbert et al., 1999]. Up to 15 subunits form the yINO80 complex. Interestingly
also two proteins related to the bacterial RuvB DNA helicase, actin and three Actin-
Related Proteins (ARP4, 5 and 8) are present in this complexes [Bao and Shen, 2007].
Mammalian ATPases of the AAA+ type (ATPases Associated with various cellular
Activities) Tip49a and Tip49b, like RVB1 and RVB2 from yeast, show a limited homol-
ogy to bacterial RuvB, the Holliday Junction DNA Helicase [Bao and Shen, 2007]. Since
the purified INO80O complex is active as an ATP-dependent helicase, INO80 and possi-
bly also SWR1 may represent eukaryotic homologous of RuvB. The helicase activity in
combination with the nucleosome remodeling capacity suggests that the INO80 complex
participates in multiple DNA repair pathways by regulating the accessibility of DNA
repair proteins to double strand breaks [Shen et al., 2000; Bao and Shen, 2007].
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Another important remodeler of the INOS8O class is the SWR1 ATPase. The homony-
mous SWR1 complex consists of 13 further subunits, including actin, ARP4, RVB1 and
RVB2, that are also present in the yINO80 complex. In the human system SRCAP (Snf2-
Related CREB-binding Protein Activator Protein) is the homolog to yYSWRI1. An active
complex with hSRCAP as motor protein catalyzes the exchange of H2A /H2B dimers with
the variant H2A.Z/H2B, thereby integrating this alternative form into chromatin [Flaus
et al., 2006; Bao and Shen, 2007].

2.3.1.4 ISWI remodeler

The first discovered member of the ISWI class remodeler was the Imitation Switch
(ISWI) factor from Drosophila melanogaster |Elfring et al., 1994|. They all have two
catalytic DExx and HELICc domains that are highly conserved between most remodel-
ing enzymes. Further are three characteristic binding domains found at the C-terminal
end of the proteins. The SANT (SWI3, ADA2, N-CoR and TFIIIB) domain belongs to
the cMyb domains and is negatively charged, therefore promoting binding to positively
charged histone tails. This interaction significantly enhances activity of the enzyme
[Boyer et al., 2002; Griine et al., 2003; Boyer et al., 2004]. Close to this nucleosome
binding module, separated by a small spacer, is also a DNA binding motif, the positively
charged SLIDE domain (SANT-Like Domain).

Binding to DNA is essential for the catalytic activity, whereas deletion mutants lacking
the SANT domain remain basal ATPase and remodeling activity [Griine et al., 2003].
The third domain is the HAND domain, directly linked to the SANT domain. Cross-
linking experiments with yeast ISW2 revealed, that the HAND domain binds DNA near
the entry site of the DNA at the nucleosomal surface, whereas the SLIDE domain binds
DNA 20bp distant from the nucleosome surface [Dang and Bartholomew, 2007]. Fur-
thermore, it was proposed that the HAND domain might play a role in oligomerization
of these motor proteins [Racki and Narlikar, 2008]. In contrast to most other remodeling
enzymes, members of the ISWI class lack motifs binding to modified histone tails, like
bromo- or chromodomains [Corona and Tamkun, 2004].

The ISWI ATPase itself shows nucleosome spacing activity in vitro, facilitating assembly
and regular distribution of nucleosome arrays. Furthermore, its nucleosome mobilizing
activity assists DNA binding factors to gain access to target sequences within chromatin
[Léngst et al., 1999; Di Croce et al., 1999; Hamiche et al., 1999; Whitehouse et al.,
2003]. In vivo studies demonstrated that dAISWI is predominantly found at heterochro-
matic sites of polytene chromosomes. ISWI plays an important role in condensation and

heterochromatin formation of the X chromosome of male fruit flies [Deuring et al., 2000].
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ACF Association of ISWI motors with distinct regulatory subunits, containing special-
ized binding motifs, increases specificity of the chromatin remodeling activity. The PHD
domain (Plant Homedomain) of ACF1 recognizes globular domains of histones, allowing
a more specific targeting of the ACF (ATP-utilizing Chromatin Assembly and Remod-
eling Factor) complex. This multimeric complex is formed by a tetramer of two ISWI
and two ACF1 proteins [Strohner et al., 2005; Racki et al., 2009]. Dimerization of two
ACF1 molecules is supposed to be mediated by the HAND domains [Racki and Narlikar,
2008|. Association to dACF1 significantly increases remodeling and ATPase activity of
dISWI [Ito et al., 1999; Eberharter et al., 2001].

But the non-catalytic ACF1 subunit has further functional impact than just stimulating
the activity of the motor protein. The formation of the ACF complex changes the way
sequence/structure information is interpreted and also the directionality of movement of
mononucleosomes [Eberharter et al., 2001; He et al., 2006a; Rippe et al., 2007; He et al.,
2008|. Human and Drosophila ACF has also the capability to generate regularly spaced
nucleosomal arrays. hACF establishes these defined structures by generating a dynamic
distribution of nucleosome positions. Kinetic discrimination of different flanking DNA
lengths leads to accumulation of arrays with distinct spacing [Racki and Narlikar, 2008|.
The mammalian ACF complex, formed by ACF1 and SNF2H, the homolog to ISWI, is
enriched in replicating pericentric heterochromatin, suggesting that this complex is re-

quired for efficient replication through condensed heterochromatin [Collins et al., 2002].

CHRAC The Chromatin-Accessibility Complex (CHRAC) is an ISWI complex closely
related to ACF. The first CHRAC complex was described in Drosophila with a catalyt-
ically active core formed by ISWI associated with ACF1. Additionally two histone-fold
proteins CHRAC14 and CHRAC16, CHRAC15 and CHRAC17 accordingly in humans,
bind to these remodeling factors [Varga-Weisz et al., 1997; Eberharter et al., 2001; Poot
et al., 2000].

Yeast Dpb4, an ortholog to human CHRAC17 and Drosophila CHRAC14, is supposed to
anchor itself to a region of extranucleosomal DNA | therefore facilitating binding of ACF1
[Dang et al., 2007]. Other groups studying the influence of these Drosophila histone-fold
proteins reported a dynamic interaction enhancing the nucleosome movement [Hartlepp
et al., 2005].

However, CHRAC is a highly abundant nucleosome remodeling complex, able to catalyze
histone octamer sliding on DNA and its characteristic histone-fold proteins are highly

evolutionarily conserved [Li et al., 2006].
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RSF Another structurally well studied human ISWI-containing remodeling complex is
RSF (Remodeling and Spacing Factor). This heterodimer harbors besides the hSNF2H
ATPase a regulatory RSF1 (p325) protein. As shown for the other ISWI based complexes
RSF also mediates nucleosome deposition and generates regularly spaced nucleosome
arrays |LeRoy et al., 1998; Loyola et al., 2003].

Drosopila RSF is involved in replacement of H2A by its variant H2A.Z (called H2Av in
Drosophila) and heterochromatin formation. Deletion of the RSF1 subunit reduces the
level of H2A.Z. It is proposed that formation of heterochromatin propagates by assembly
of nucleosomal arrays. Subsequent H3K9 methylation and HP1 binding, leads to further

chromatin compaction [Hanai et al., 2008|.

NoRC The diversity of functional different remodeling complexes generated by combi-
nation of one ATPase with distinct regulatory factors is nicely displayed by the Nucleolar
Remodeling Complex (NoRC). As a consequence of the association with TIP5 (TTF1
Interacting Protein 5), SNF2H becomes specifically targeted to rRNA genes in mammals
[Strohner et al., 2001; Santoro et al., 2002; Strohner et al., 2004; Németh et al., 2004].
Binding to a region upstream of the rRNA gene promoter is mediated by TTF1 and
induces local remodeling of chromatin. This leads to a repressive environment around
the transcription start site suppressing RNA Polymerase I (RNAPI) dependent tran-
scription of ribosomal RNA genes.

Additionally, also a 150-250 nucleotide intergenic transcript of non-coding RNA plays
a functional role in targeting of NoRC. As part of the active remodeling complex, the
binding of this "promoter RNA" (pRNA) to the rRNA promoter was shown to be a
prerequisite for heterochromatin formation and nucleolar localization of NoRC [Mayer
et al., 2006, 2008]|.

High resolution mapping of the nucleosome positions at this promoter revealed that NoRC
induces translocation of a promoter-bound nucleosome. This moves from position - 157
to - 2 relative to transciption start site further downstream into the transcribed region
to position - 132 to + 22, therefore down regulating RNAPT activity [Li et al., 2006; Felle
et al., 2010].

Upon interaction with other chromatin modifying enzymes, in vivo, additional epige-
netic modifications become covalently linked to the chromatin, establishing a pattern of
repressive marks at these sites. Recruitment of DNA methyltransferases DNMT1 and
DNMT3a results in methylation of rRNA genes and the histone deacetylases HDAC1 and
HDACA4 remove activating marks, altogether efficiently inactivating these genes [Santoro
et al., 2002; Strohner et al., 2004; Santoro and Grummt, 2005].
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NURF In Drosophila, the Nucleosome Remodeling Factor (NURF') was shown to alter
the nucleosome positioning at the hsp70 promoter by using ISWI as motor protein and
NURF301/NURF55 as regulatory factors [Tsukiyama and Wu, 1995; Martinez-Balbas
et al., 1998; Xiao et al., 2001]. Human NURF is an example for the increased com-
plexity within mammalian systems. Mammalian genomes encode two highly related
ISWI homologs, as already mentioned SNF2H, and in addtion also SNF2L. hNURF was
the first complex described using SNF2L as motor protein instead of SNF2H. BPTF
(Bromodomain PHD Finger Transcription Factor) and RbAp46/48 (Retinoblastoma
Protein) are the human orthologs to NURF301 and NURF55 [Barak et al., 2003].
Interestingly, although using the same motor protein as ACF and CHRAC, NURF does
not assemble regularly spaced chromatin rather than randomizing the spacing, which
could assist RNAPII activation [Clapier and Cairns, 2009]. In vivo NURF-dependent re-
modeling is directly coupled to H3K4me3, mediated by the PHD domain of the hBPTF/
dNURF301 subunit, therefore maintaining expression of Hox genes during development
[Wysocka et al., 2006]. Furthermore, inactivation of dISWI or ANURF301 displays the
importance of NURF for maintenance of higher-order chromatin structure. In male fruit
flies, mutation of both proteins causes decondensation of the X chromosome and mod-
erate decondensation of mitotic polytene chromosomes |[Badenhorst et al., 2002; Clapier
and Cairns, 2009].

CERF The transcription factor CERC2 (Cat Eye Syndrome Chromosome Region,
Candidate 2), involved in neurulation, forms the CERF complex (CERC2 Remodeling
Factor) together with SNF2L. CERF represents the second chromatin remodeling com-
plex with SNF2L as motor protein [Banting et al., 2005]. Like other regulatory subunits
of remodeling complexes, also CERC2 contains AT hooks and a highly conserved bro-
modomain [Chen et al., 2010|.

ATP hydrolyzing activity of CERF is stimulated by nucleosomes and displays in vitro
activity in nucleosome remodeling assays. Together with the predominantly neural ex-
pression of CERC2 in mouse embryos, it is suggested that this chromatin remodeling

complex plays a critical role in neurulation [Banting et al., 2005].

2.3.2 Diversity of human ISWI remodeler

In contrast to Drosophila, human and mouse genomes encode two different remodeler
homologs to dISWI called SNF2H (Surcorse Non-Fermenting 2 Homolog) and SNF2L.
In vivo studies with mouse embryos showed a specific spatial and temporal expression

pattern for SNF2H and SNF2L. Both genes are expressed during development of the
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Figure 2.10: Diverse complexes formed with ISWI ATPases
The scheme illustrates the large number of different remodeling complexes that use an ISWI
ATPase as motor protein. Here a comparison of different model organisms is shown, yeast,
Drosophila, human and mouse (from [Eberharter and Becker, 2004]).

nervous system, but mSNF2H is only transiently expressed to high levels in proliferating
cells during embryogenesis. In contrast to this, the expression of mSNF2L is increased
when neuronal cells become post mitotic [Lazzaro and Picketts, 2001]. Further support
for the idea of a special role of SNF2L in the neuronal development is given by the
fact that this ISWI ortholog is predominantly found in remodeling complexes known for
neurone specific activity.

Human and murine ACF, CHRAC, RSF and NoRC are dependent on the activity of
SNF2H, whereas SNF2L is found in NURF and CERC complexes. This formation of

specialised NURF complexes is not observed in Drosophila with only one ISWI remodeler.
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In mouse, it was shown that mNURF regulates the expression of the engrailed gene,
coding for a homeodomain protein crucial for neuronal development in the mid-hindbrain
[Barak et al., 2003]. SNF2L is expressed only in the brain and gonadal tissue. In contrast
to this, human SNF2L is expressed ubiquitously, like SNF2H. Interestingly, in human
tissue specific remodeling activity is regulated by isoform variation. Therefore, in non-
neuronal tissues a catalytically inactive SNF2L splice variant, called SNF2L+13, carrying
an additional in-frame exon within the ATPase domain is predominantly expressed. By
this mechanism, the activity of SNF2L is mainly restricted to neuronal and gonadal
tissue, like in mouse |Barak et al., 2004].

Further interesting functional differences were observed by knock-down experiments in
diverse human cancer cell lines. The knock-down of hSNF2H did not inhibit growth,
but some highly malignant human cancer cell lines, e.g. cervix carinoma cells of the
HeLa line, showed a decreased growth rate and went into apoptosis after depletion of
hSNF2L. Over-expression of hSNF2h in these SNF2L knock-down cells did not rescue the
cells from induced apoptosis. It is suggested that SNFL is a crucial factor for survival,
growth, and renewal of these cancer cells [Ye et al., 2009].

Furthermore these results support a functional difference of both homologs also for human
cells. Despite all these hints pointing to a specialized function of these orthologous, the

molecular basis of these observed differences remains poorly understood.

2.3.3 Developmental role of chromatin remodeling complexes

Chromatin remodeling complexes are important factors influencing nuclear programming,
differentiation and pluripotency of stem cells [Ho and Crabtree, 2010; Ho et al., 2009].
Only little is known about the detailed functions of chromatin remodeler within this
complex cellular network, but as depicted in figure 2.11 some key player of certain de-
velopmental steps are already identified. For example CHD1 is crucial for pluripotency
of ESCs by opening chromatin stucture [Gaspar-Maia et al., 2009]. SNF2H containing
complexes are essential during early development, since mice lacking SNF2H die after
embryonic implantation [Stopka and Skoultchi, 2003]. For SNF2L, a role in neuronal
development is known [Banting et al., 2005]. The esBAF complex is in general required
for pluripotency and self-renewal [Fazzio et al., 2008|. However, after depletion of BRG1
in murine ESCs a more complex pattern of up- and down-regulated genes is observed.
Certain genes important for pluripotency like Oct4 and Nanog become de-repressed,
while other genes are down-regulated [Ho et al., 2009; Ho and Crabtree, 2010]. These
results indicate the essential function of esBAF during development, although detailed

functions of the expression patterns regulated by this complex remain unclear.
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Figure 2.11: Role of chromatin remodeling ATPases during development
Each remodeler class is highlighted by different colours: SWI/SNF (green), ISWT (yellow), CHD
(orange) and INO8O (pink). The family name and the name of known proteins playing an
important role are mentioned at the corresponding developmental step. In general, development
of the mouse model is shown, in cases where only the function of a Drosophila melanogaster
protein is known, it is commented by a (D). CNS: central nervous system, IMC: inner cell mass,
MOR: moria (from [Ho and Crabtree, 2010]).

2.3.4 Mechanism of nucleosome remodeling

For a better understanding how distinct remodeling complexes generate these specific
readouts from the same genomic information, the detailed steps of the translocation
reaction have to be considered. After several years of intensive work and discussions the
so called "loop recapture" model seems to display a common mechanism explaining the

translocase activity of remodeling ATPase in general [Strohner et al., 2005; Cairns, 2007].
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Figure 2.12: DNA movement around the histone octamer during remodeling
reaction

(A) DNA (red/orange) is wrapped in two helical turns around the disc shaped histone octamer
core (grey). The asterisk (*) marks a reference point to illustrate movement of the DNA.

(B) According to the "loop recapture" model, the translocation reaction is initiated (State 1) by
binding of the DNA-Binding Domain (DBD: pink) and the catalytic translocase domain (Tt
green) to the nucleosomal DNA. (State 2) A conformational change induced by the translocase
domain leads to local disruption of DNA-histone-contacts and formation of a DNA loop. (State
3) The remodeling enzyme stays fixed to the substrate, therefore the loop propagates into the
nucleosome. (State 4) After the loop has resolved and the conformation of the remodeler is reset,
the system can initiate a new remodeling cycle (from [Clapier and Cairns, 2009]).

A prerequisite for physical movement of the histone octamer is the stable binding of the
molecular machine to at least two different topological sites of the substrate. For the
ISWI remodeler, it was already mentioned in section 2.3.1.4 that the SLIDE domain re-
sembles a specialized DNA binding domain, contacting DNA close to the entry /exit site
of the nucleosome. Cross-linking studies also revealed binding of the catalytic translocase
domain [Kagalwala, 2004; Zofall et al., 2006].



32 2.3. Chromatin remodeling

The conformational change induced by the catalytic helicase domains changes the rela-
tive distance of both nucleosome binding domains (see also figure 2.12). This coordinated
movement of the DNA binding domain and the translocase domain disrupts local histone-
DNA contacts and forms a small DNA loop. The energy costs of such local disruption of
DNA-histone contacts are much smaller than for a complete dissociation of DNA from
the histone octamere surface, which would make the reaction very unlikely from an ener-
getic point of view. Keeping the DNA bound at the site of initiation, the DNA loop has
to propagate around the histone octamer surface in a one dimensional diffusion. This
stepwise disruption and reformation of histone DNA contacts is driven by the mechanical
stress introduced by the initial conformational changes and does not cost further energy.
When the loop meets the distal nucleosomal boundary it resolves when detaching from
the histone octamer surface. As a consequence of this, DNA has moved around the hi-
stone octamer surface. From this point a new round of loop initiation and propagation
could start [Strohner et al., 2005; Cairns, 2007; Clapier and Cairns, 2009|.

The directionality of this movement and the number of single translocation reactions,
determining the total remodeling distance, can be modified by regulatory subunits. For
example, SNF2H was shown to change its remodeling activity when associated with reg-
ulatory factors like ACF1. In comparison, the solely motor protein of this complex shows
other substrate preferences regarding linker length and reactivity [He et al., 2006a; Yang
et al., 2006; He et al., 2008; Racki et al., 2009]. One factor influencing the outcome of
the remodeling reaction is the additional binding motif present in the regulatory sub-
units (e.g. bromodomain). Furthermore ACF obviously functions as a dimer of ATPases
[Strohner et al., 2005; Racki et al., 2009]. Therefore the relative arrangement of the mo-
tor proteins within the complexes could influence the directionality of the transloction
reaction.

After a successful remodeling reaction, different endpoints are possible. For ACF and
CHD1 it was shown that these machines dissociate from the nucleosome after remodeling
due to a reduced affinity (10 fold higher Kp) to the end-products of the translocation
reaction, according to the so called "release" model. The enzymes are released and can
again adopt an active conformation to start a new remodeling reaction.

Theoretically, an inverse mechanism is also possible, called "arrest" model, where the
remodeling reaction is driven to end-product formation by an increased affinity to the re-
modeled nucleosome. In this case the remodeling complex stays bound to the nucleosome,
resembling kind of a structural component of chromatin [Rippe et al., 2007|. Although
there is evidence of some remodeler like NoRC following this mechanism, a conclusive

experimental support is missing yet.
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2.4 Methods for genome wide and single cell analyses

Recent advances in high resolution microscopy and genome wide sequencing technologies
have a fundamental impact on the way the molecular assembly of DNA based biological
structures can be dissected. These methods and technologies comprise automated high

throughput DNA sequencing as well as sophisticated single cell imaging.

2.4.1 Next generation sequencing technologies

After great achievements that were made with the automated Sanger sequencing method,
like the finished-grade human genome sequence and the first diploid genome sequence of
a single person, a new generation of sequencing technologies emerged |Lander et al., 2001;
Venter et al., 2001; International Human Genome Sequencing Consortium, 2004; Levy
et al., 2007; Metzker, 2010]. All these so called "next generation sequencing" methods
have in common that they allow a fast and cost effective determination of DNA sequence
information even from large genomes. The commercially most successful methods, like
the Solexa sequencing from Illumina and 454 sequencing from Roche, are based on clonal
amplification of template DNA. Solid phase amplification for Solexa generates local clus-
ters of clonal template molecules. The incorporation of specifically fluorescent labelled
nucleotides during template dependent activity of DNA polymerase is followed optically.
To allow a realtime analysis of single polymerase steps at these clusters, cyclic reversible
3’-terminated nucleotides are used. High resolution optics and the dense packaging of
small clonal clusters allow several million independent sequencing reactions in parallel
on a single chip. The incomplete chemical removal of 3’-terminator blocks from the in-
corporated nucleotides limits the sequencing depth to less than 100 bp.

Pyrosequencing like 454 is based on a chemoluminescent reaction following every nu-
cleotide incorporation catalyzed by the polymerase. Here specificity of the reaction is
controlled by diffusion of only single nucleotides into the reaction flow chambers. There-
fore instead of terminator nucleotides, unmodified deoxy-nucleotides are used, allowing
longer continuos sequencing reads with a few hundred base pairs. The less compact
assembly of reaction chambers compared to clonal DNA clusters for Solexa sequencing
limits the number of reads performed in parallel. Both methods deliver millions of base
pair reads within a single sequencing reaction. Differences in the sequencing depth and
number of independent reads obtained make both methods complimentary for specific
applications. For de novo sequencing of complex genomes, the longer reads from 454 se-
quencer offer a better characterization of repetitive DNA elements, whereas comparative

re-sequencing of genomes is more efficiently done with Solexa.
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2.4.2 The ENCODE project

The fast growing number of sequenced genomes allows design and production of highly
specific DNA microarrays covering these genomes. Although next sequencing technolo-
gies allow direct determination of sequence information, for certain applications microar-
rays are still competitive. One advantage is that in general for hybridization arrays, no
clonal amplification of the template DNA is necessary. Therefore experimental errors
induced by amplification bias of AT-rich or GC-rich target sequences are excluded [Met-
zker, 2010|. Of course microarray based approaches will address biological questions only
within a pre-defined frame.

The ENCODE DNA hybridization chip is a good example how sequence information
and additional functional genome studies can be performed with hybridization arrays.
The finished-grade publication of the human genome sequence raised the question how
genomic elements are temporally and spatially organized and how the functional read-
out, the gene expression, is controlled by this |Lander et al., 2001; Venter et al., 2001;
Consortium et al., 2007].

To answer this, the Encyclopedia of DNA Elements (ENCODE) Project was founded.
The aim was to identify and catalogue a set of functional DNA elements for further bio-
logical analyses. 35 international groups provided relevant sequence information covering
roughly 1% of the 3 billion base pairs of the human genome. These 30 Mb of cover 44
genomic regions, with 15 Mb chosen from 14 biologically well characterized regions and
the other 15 Mb coming from 30 regions selected by a stratified random-sampling method
[Consortium et al., 2007].

By defining this catalog of DNA elements, now a platform is established enabling a more
focused work elucidating the functional meaning of genome information. For these anno-
tated regions covering a broad set of functional genomic data is present and additional
experimental data are still added. Therefore numerous transcripts, transcription start
sites and transcriptional activity, chromatin accessibility and histone modification pat-
tern, DNasel hypersensitve sites and a lot more genomic features are already described
for these ENCODE regions [Consortium et al., 2007]. Today, DNA microarrays with
probes complementary to this 1% of the human genome are commercially available at

relative low costs.
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2.4.3 Single cell microscopy

The high throughput sequencing of entire genomes using next generation sequencing
technologies and the functional annotation and comparison have a dramatic impact on
the way chromatin architecture can be analyzed. But these high throughput technologies
share one general downside: They are all based on experiments performed with popula-
tions of cells. The heterogeneity of these populations is one general factor influencing the
directness and impact of obtained experimental results. Furthermore higher organisms
are diploid and most genes are expressed from only one of the two allels [Lanctot et al.,
2007]. Therefore, an intermediate global activity can be based on a repressed and a
highly active copy of the same gene.

Single cell analyses resemble an elegant way to prove the general validity of results and
models derived from high throughput data. Recent advances in high resolution mi-
croscopy enable imaging of single nuclei at resolutions beyond the classical Abbe limit
[Lanctot et al., 2007]. Multi-colour DNA and RNA fluorescent in situ hybridization and
labelling of proteins allows a four-dimensional analysis of chromatin structure in vivo
also addressing the question of cell-to-cell variability [Lanctot et al., 2007; Strickfaden
et al., 2010].






3 Objectives

3.1 Structural and functional analysis of human chromatin

Human epithelia carcinoma cells from the Hela line are a well studied model system to
analyze the functional and structural nature of human chromatin. Several approaches
have been used to elucidate the organization of eukaryotic chromatin at the basic level.
Enzymatic hydrolysis of DNA by micrococcal nuclease (MNase) and subsequent isolation
of DNA fragments was done in several studies.

Saturating amounts of MNase were used and chromatin was digested down to nucleoso-
mal core particles protecting 147 bp of DNA [Segal et al., 2006; Miele et al., 2008; Valouev
et al., 2008]. Here all information encoded within the linker DNA as well as unstable
nucleosomal particles were lost.

By using limited amounts of MNase to differentially digest chromatin to fragments larger
than mono-nucleosomes, chromatin accessibility will be analyzed in a relative high reso-
lution. This accessibility should display not only the nuclear architecture, but also reflect
the activity of the genome region. Once a method for identification of active chromatin
domains is established, this could be used to further study structural changes. The par-
tial digestion will provide additional information from the linker DNA and will allow

detection of less stable nucleosomes.

3.2 Comparative analysis of human ISWI homologs

SNF2H and SNF2L are two highly similar chromatin remodeling AT Pases homologous to
ISWI from Drosophila. Despite their highly similar protein structure, knock-down exper-
iments in human cancer cell lines and a distinct spatial and temporal expression pattern
of both homologs in mouse revealed that they are not redundant isoforms |[Lazzaro and
Picketts, 2001; Ye et al., 2009]. Nevertheless the detailed differences and molecular basis
of this specialization remained unclear. Therefore an accurate functional comparison of
both human ISWI remodeler in defined in witro systems should gain insight into the
molecular basis of the differences observed in vivo. The binding to nucleosomes, remod-

eling activity and also the ATPase activity will be dissected in these studies.
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4 Materials and Methods

4.1 Materials

Unless otherwise stated, all common chemicals and materials were purchased from GE

Healthcare (Freiburg), Merck (Darmstadt), Invitrogen (Karlsruhe), Fermentas (St. Leon-
Rot), New England Biolab (Frankfurt am Main), Promega (Mannheim), Roche (Mannheim),
Roth (Karlsruhe), Serva (Heidelberg), Bio-Rad (Munich), Stratagene/Agilent (Wald-
bronn) and Sigma-Aldrich (Munich). Radioactively labelled nucleotides were ordered at

Hartmann Analytic (Brunswig).

4.1.1 Laboratory chemicals and biochemicals

Table 4.1: Overview about used standard chemicals and biochemicals

Material

Supplier

Acrylamide (Rotiphorese Gel™30)
Agarose (ME, LE GP and low melting)
Ammonium acetate

Ampicillin

Aprotinin

ATP

a -32P-ATP (300Ci/mmol)
7-32P-ATP(300Ci/mmol)

Bacto Agar

Bacto Peptone

Bacto Trypton

Blue Gal

Boric acid

Bovine serum albumin (BSA), 98% pure

Roth, Karlsruhe

Biozym, Hessisch Oldenburg
Merck, Darmstadt

Roth, Karlruhe
Sigma-Aldrich-Aldrich, Munich
Sigma-Aldrich, Taufkirchen
Hartmann Analytic, Brunswig
Hartmann Analytic, Brunswig
BD, France

BD, France

BD, France

Invitrogen, Karlsruhe

Merck, Darmstadt
Sigma-Aldrich, Munich
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Material

Supplier

BSA, purified
Bromphenolblue
B-Mercaptoethanol
Chloramphenicol
Coomassie G250

DEAE Sepharose

DNA Ladder GeneRuler 1 kb Plus
DNA Ladder 2-Log
Dimethylsulfoxid (DMSO)
Dithiothreitol (DTT)
EDTA

EGTA

Ethidium bromide
Glycerin

Glycogen

HEPES

Hydrochloric acid

IPTG

Orange G

Phenylmethylsulfonylfluorid (PMSF)

Potassium chloride

M2-agarose (Flag-beads)
Magnesium chloride
Nickel-NTA-agarose (Ni?*-beads)
TEMED

PEG 8000

Sodium chloride

Sodium dodecyl sulfate (SDS)
Sodium hydroxide

SYBR Safe

Tris(hydroxymethyl)-aminomethan (TRIS)

TWEEN

NEB, Frankfurt am Main
Serva, Heidelberg
Sigma-Aldrich, Munich
Roth, Karlsruhe

Serva, Heidelberg

GE Healthcare, Munich
Fermentas, St. Leon-Rot
NEB, Frankfurt am Main
Merck, Darmstadt
Merck, Darmstadt
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Merck, Darmstadt
Roche, Mannheim
Roth, Karlsruhe

Merck, Darmstadt
Roth, Karlsruhe
Sigma-Aldrich, Munich
Roth, Karlsruhe

Merck, Darmstadt
Sigma-Aldrich, Munich
Merck, Darmstadt
Qiagen, Hilden

Serva, Heidelberg
Roth, Karlsruhe

VWR, Munich

Roth, Karlsruhe

Merck, Darmstadt
Invitrogen, Karlsruhe
USB, Cleveland, Ohio
Serva, Heidelberg
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4.1.2 Membranes, culture dishes, reaction tubes and columns

Table 4.2: Dialysis membranes, reaction tubes, dishes and columns

Material

Supplier

BioMaxMS Foto Film

Columns, 1 ml, small filter 35 pm pore
Columns, Sephadex G-50

Dialysis membranes, 6-8kD MWCO

Green Membrane Caps MWCO 3.5 kD
Micro tube, siliconized 1.5 ml

MICROCON centrifugal filter devices YM-30
Millex GV Durapore PVDF sterile filters, 0.22 pm
MonoQ 5/50 GL column

Reaction tube, 1.5 ml

Reaction tube, 2ml

Reaction tube, 15 ml

Reaction tube, 50 ml

Reaction tube, siliconized 1.5 ml

Superose 6 PC 3.2/30 column

Syringe, 20 ml

Tissue Culture Dish, 6-well

Tissue Culture Dish, 10x2cm

Tissue Culture Dish, 15x2cm

Kodak Film, Stuttgart
MoBiTec, Gottingen

GE Healthcare, Munich
Spectra Por, Breda, Netherlands
Bio-Rad, Munich

Bio-Rad, Munich

Millipore, Billerica, USA
Millipore, Billerica, USA
Amersham Bioscience, Freiburg
Sarstedt, Niimbrecht

Sarstedt, Niimbrecht

Sarstedt, Niimbrecht

Sarstedt, Niimbrecht

Bio-Rad, Munich

GE Healthcare, Freiburg
Sarstedt, Niimbrecht

Sarstedt, Niimbrecht

Sarstedt, Niimbrecht

Sarstedt, Niimbrecht

4.1.3 Standard solutions

Stock solutions and buffers were made according to standard protocols [Sambrook and
Russell, 2000; LabFAQS, 2010]. Protease Inhibitors (Leupeptin 0.5pg/ml, Pepstatin
1 pg/ml, Aprotinin 1pg/ml and PMSF 0.5mM) were freshly added. Common solutions

are listed below. Special buffers are described in the individual method sections.
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Table 4.3: Standard buffers and solutions

Buffer Composition

EX-X buffers 20mM Tris-HCI pH 7.6
1.5 mM MgCl,
0.5mM EGTA
10 % glycerol
XmM KCI
pH adjusted to 7.6 with HCI

Phosphate Buffered Saline (PBS) 140 mM NaCl
2.7mM KCl
8.1mM NasHPO4
1.5mM KH2POy
pH adjusted to 7.4 with HCI

TBE-buffer 90 mM Tris
90 mM Boric acid
2mM EDTA

Southern blot denaturation solution 0.5M NaOH
1.5M NaCl

Southern blot ammonium acetate solution 1 M NH,Ac

0.25M HC1 20.7ml 37 % HC1 = 12.08 M, add 1000 ml
H-50 dest

TE buffer 10 mM Tris-HCI pH 7.6
1mM EDTA

DNA sample buffer (10x) 50 % glycerol
50 mM Tris-HCI1 pH 7.6
10mM EDTA

0.05% (w/v) bromophenol blue, xylene
cyanol and Orange G

Orange G loading dye (10x) 50 % gycerin

10mM EDTA

0.05% (w/v) Orange G
SDS-protein sample buffer (5x) 300mM Tris-HC1 pH 6.8

10% (w/v) SDS
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Buffer Composition

50 % glycerol
5% B-Mercaptoethanol
0.2% (w/v) bromphenol blue

SDS-PAGE stacking buffer (4x) 0.5 M Tris-HCI
0.4% SDS,
pH 6.8 with HC1

SDS-PAGE separating buffer (4x) 1.5M Tris-HCI1
0.4 % SDS,
adjust to pH 8.8 with HC1

SDS-PAGE running buffer 192 mM glycine
25 mM Tris
0.1% (w/v) SDS

Coomassie staining solution 45 % water
45 % methanol
10 % acetate acid
0.1% (w/v) coomassie blue R250

Coomassie destain solution 45 % water
45 % methanol
10 % acetate acid

Silver staining fixing solution 50 % methanol
12 % acetate acid
0.05 % formaldehyde 37 %

Silver staining wash solution 50 % ethanol p.A.
Silver staining preincubation solution 20% (w/v) NagS203
Silver staining stain solution 0.2% (w/v) AgNO3

0.075 % formaldehyde 37 %

Silver staining developing solution 6% (w/v) NayCO3
0.05 % formaldehyde 37 %
05% (W/V) NaQSQOg

Silver staining stop solution 1% acetate acid

High salt buffer for chromatin assembly 10 mM Tris/HC1 pH 7.6
2M NaCl
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Buffer Composition
1mM EDTA
0.05 % NP40

1mM S-mercaptoethanol

Low salt buffer for chromatin assembly

10mM Tris/HCI1 pH 7.6
50 mM NaCl

1mM EDTA

0.05% NP40

1mM S-mercaptoethanol

4.1.4 Enzymes

Table 4.4: List of recombinant enzymes

Enyzme

Supplier

Antartic Phosphatase

Apyrase

iProof DNA polymerase

Klenow enzyme

Micrococcus Nuclease (MNase)
Proteinase K

PfuUltra IT Fusion DNA Polymerase
Restriction endonucleases
RNase A

Shrimp alkaline phosphatase

T4 polynucleotide kinase (PNK)
T4 DNA ligase

Taq DNA polymerase

New England Biolabs, Frankfurt am Main
New England Biolabs, Frankfurt am Main
Bio-Rad, Miinchen

New England Biolabs, Frankfurt am Main
Roche, Mannheim

Sigma-Aldrich, Miinchen

Agilent, Waldbronn

New England Biolabs, Frankfurt am Main
Roche, Mannheim

New England Biolabs, Frankfurt am Main
New England Biolabs, Frankfurt am Main
New England Biolabs, Frankfurt am Main

Genaxxon Bioscience, Ulm
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4.1.5 Kits
Table 4.5: Kits for standard applications
Material Supplier

Bac-to-bac Baculovirus Expression System  Invitrogen

Gateway LR Clonase II mix Invitrogen

Gateway BP Clonase II MIX Invitrogen
Imprint Methylated DNA Quantification Kit  Simga-Aldrich

Plasmid purification Kit Qiagen

Plasmid isolation Kit

Qiagen, Invitrogen

Prime-a-Gene Labeling System Promega
Prime-it Fluor Fluorescence Labeling Kit Stratagene
QIAquick PCR purification Kit Qiagen

4.1.6 Oligonucleotides

All oligonucleotides were purchased from Eurofins MWG Operon and diluted to final so-
lutions of 100 pM with ddH50O. R and F oligos for ligation of 6-NPS1-47 FRET constructs
were synthesised by IBA BioTAGnology (Gottingen).

Table 4.6: List of synthesized oligonucleotides

name sequence T s amplicon
AP7 GATCCAGAATCCTGGTGCTGAG for 61.0 NPS1

APS8 CTAGCTGTATATATCTGACACATGCCT rev. 59.0 NPS1

AP3 CATGGTATGACTTCCAGGTATGG for 60.6  22-NPS1-22
AP13 GGCCTTAAGAGAAATTTCTCGAG rev. 589  22-NPS1-22
AP35 ATGTTTGGGCCACCTCCCC for 63.9  40-NPS1-40
AP14 TAACGGCCTTAAGAGAAATTTCT rev. 57.3  40-NPS1-40
AP1 ATCTTTTGAGGTCCGGTTCTTT for 56.0  77-NPS1-77
AP15 GTACAGAGAGGGAGAGTCACAAAAC rev 65.0  77-NPS1-77
hsp70_for AATTCGGATCCCACGATAAGC for 60.8  hsp70

hsp70 _rev CAGATCTGAATTGACGTTCCG rev. 58.0  hsp70
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name sequence Tar amplicon
232/16_for GTAAGACCCGGGAAAGCTATGGGCGC for 53.3 rDNA232/16
232/16_rev TTAAGACCCGGGAGGACAGCGTGTC rev 51.5 rDNA232/16
AGTAC
190/90 _for AGCTAGCCCGGGTATCAGTTCTCCG for 50.8 rDNA190/90
GGTT
190/90 rev TAATGGCCCGGGAATAGGCTGGACA rev. 51.3  rDNA190/90
AGC
6-NPS1- GGCCGCCCTGGAGAATC for 60.6  6-NPS1-47
47 for
6-NPS1- GCGTATAGGGTCCATCACATAACC rev. 61.8  6-NPS1-47
47 rev
SNF2H for ATTGGATCCTCGTCCGCGGCCGA for 60.1 BamHI-
hSNF2H
SNF2H rev ACTGCGGCCGCTCATAGTTTCAGCTTC rev 61.8  hSNF2H-
TTTTTTCTTCC Notl
SNF2L _for TATGGATCCGAGCAGGACACTGCCGCA for 60.7 BamHI-
hSNF2L
SNF2L _rev GCTTCTAGATTAGGAAAATGCTGAAAAT rev 61.5  hSNF2L-
TTTACCA Xbal
SNF2L w_for AGACAAGGATGCCAGAGCT for 60.6  sequencing
SNF2L w_rev TCTCTAAAGTAG GCATCCACTGC rev  60.0 sequencing
SNF2H w_for TGTTTGATAGGAGATAAAGAACAA for 60.0 sequencing
AGAG
SNF2H w_rev AAGCTGTTCTTCTTTTTGTGCCTG rev  62.3  sequencing
SNF2H w_ rev2TGAACACAGACTTCTCTTTAATAAGCATTrev 61.5  sequencing
Cen probe TTGAGGCCCTTCGTTGGAAACGGGAATATC  60.1  centromeric
probe
Alu probe GGCCGGGCGCGGTGGCTCACGCCTGTAAT 65.9 alu  repeat
CCCAGCACTTTGGGAGG probe
Telo probe TTAGGGTTAGGGTTAGGGTTAGGGTTAGG 64.8  telomerc
GTTAGGGTTAGGG probe
5’ETS probe CGGAGGCCCAACCTCTCCGACGACAGGT 66.8 rDNA 5-ETS

sb3
sb4

CGCCAGAGGACAGCGTGTCAGC

GATCCTTCGGAGCGCGACCAGTACTCCGGGCGACA
GATCTGTCGCCCGGAGTACTGGTCGCGCTCCGAAG

leader probe
duplex
duplex
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name sequence Tar amplicon
R1 GGGATTCTCCAGGGCGGCC 6-NPS1-47
FRET rev

R2 CGGTGCTAGAGCTTGCTACGACCA 6-NPS1-47
ATTGAGCGGCCTCGGCACC FRET rev

R3 TTGGCGGTTAAAACGCGGGGGACAGCGC 6-NPS1-47
GTACGTGCGTTTAAG FRET rev

R4 GCACAGGATGTATATATCTGACACGTGC 6-NPS1-47
CTGGAGACTAGGGAGTAATCCCC FRET rev

R5-Bio GCGTATAGGGTCCATCACATAACCCGAGTC 6-NPS1-47
GCTGTTCAATACAT FRET rev

F1- GGCCGCCCTGGAGAATCCCGGTGC 6-NPS1-47
64atto647N CGAGGCCGCTCAATTG FRET for
F2 GTCGTAGCAAGCTCTAGCACCGCTTAAAC 6-NPS1-47
GCACGTACGCGCTG FRET for

F3+14atto532 TCCCCCGCGTTTTAACCGCCAAG 6-NPS1-47
GGGATTACTCCCTAGTCTCCAG FRET for

F4 GCACGTGTCAGATATATACATCCTGTGCATGTATTG 6-NPS1-47
AACAGCGACTCGGGTTA FRET for

F5 TGTGATGGACCCTATACGC 6-NPS1-47
FRET for

4.1.7 Plasmids

List of plasmids used for the experiments shown. A complete list of all plasmids generated

during this study is available on the Langst account on lablife (www.lablife.org).

Table 4.7: Plasmids containing nucleosome positioning sequences (NPS)

Plasmid Insert RE

pUCI18 12x 601 12 repeats of 200 bp long 601 NPS in pUC18 plasmid NotI/Aval
(kindly provided by J. Widom )

pUC19 1x hsp70 Drosophila melanogaster hsp70 gene promoter from FEcoRI
base pair - 348 to + 11 in pUC19 plasmid

pUC19 7x hsp70 7 repeats of Drosophila melanogaster hsp70 gene pro- EcoRI

moter in pUC19 plasmid
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Plasmid Insert RE
pUC19 1x -232/4+16 7 copies of murine rDNA promoter from base pair -232  Aval
rDNA to + 16 in pUC19 plasmid
pUC19 7x -232/+16 7 copies of murine rDNA promoter from base pair - 232  Aval
rDNA to + 16 in pUC19 plasmid
pUC19 1x -190/490 murine rDNA promoter from base pair - 190 to +90 Aval
rDNA in pUC19 plasmid
pUC19 10x - 10 copies of murine rDNA promoter from base pair Aval
190/+90 rDNA -190 to +90 in pUC19 plasmid
pPCRScript-slol1- dimeric nucleosome positioning sequence NPS1 with  BglII

gla7h insert

rDNA and hsp70 DNA flankings

Table 4.8: Gateway plasmids encoding SNF2H and SNF2L genes

Plasmid Gene of interest RE

pENTR3C hSNF2H  entry vector with human SNF2H (SMARCAS5) gene BamHI/Notl
without start codon

pENTR3C hSNF2L  entry vector with human SNF2L (SMARCA1) gene BamHI/Xbal

pDEST10 hSNF2H

pDEST10 hSNF2L

gene without start codon

destination vector with ASNF2H gene, with N-
terminal hexa-His-tag, for recombination into baculo
virus shuttle bacmid

destination vector with hSNF2L gene, with N-terminal
hexa-His-tag, for recombination into baculo virus
shuttle bacmid

4.1.8 Baculoviruses

Table 4.9: Overview about used baculoviruses

GOI

Virus

hSNF2H (N-Hisg)

hSNF2L (N-Hisg)

pDEST10 hSNF2H was recombined into baculo bacmid DNA and

recombinant virus was generated

pDEST10 hSNF2L was recombined into baculo bacmid DNA and

recombinant virus was generated
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GOI Virus

hSNF2H (C-Flag) C-terminal Flag-tagged hSNF2H gene recombined into baculo
bacmid (virus generated by R. Stroner)

4.1.9 Bacteria

Table 4.10: Bacterial strains used for plasmid propagation

Strain Resistance  Application
DB3.1 streptomycin  for propagation of ccdB gene containing pENTR plasmids
DHb5a none general DNA plasmid propagation

DH10BAC tetracycline,  E. coli strain that carries the baculoviral shuttle vector
kanamycin bMON14272 with a lowcopy number mini-F replicon with

a kanamycin resitance marker and Tn7 transposon attach-

ment sites within the LacZa peptide. The helper plasmid

pMONT7T124 encodes for the transposase and confers resistance

to tetracycline.

XL1 Blue tetracycline F’episome, general DNA plasmid propagation, blue/white

screening

4.1.10 Histones

Core histone octamers were purified from chicken erythrocytes (see supplementary infor-

mation in the appendix) and provided in the laboratory by Regina Grébner-Ferreira.

28kD— ]
—/tan
17 kD— —\H2B
" \H4
10 kD— |
1 2

Figure 4.1: Histone octamers purified from chicken erythrocytes
1pg of octamers was loaded onto a 17% SDS PAGE and subsequently stained with coomassie
blue. Bands of the four core histones H2A, H2B, H3 and H4 are depicted in lane 2.
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4.1.11 Eukaryotic

cell culture

Table 4.11: Eukaryotic cell lines

Name Origin

HeLa human adenocarcinoma cell line (epithelial cells)
lymphocytes isolated from blood of human female

IMR90 femal human diploid fibroblast-like lung cells
3T3 mouse embryonic fibroblast cells

Sf21 insect cell line (Spodoptera frugiperda)

Table 4.12: Media, serum and antibiotics used for cell culture

Name

Composition

Supplier

Dulbecco’s Modified

Eagle Medium

Penicillin-Streptomycin

S£-900 II SFM
Fetal Bovine Serum

Trypsin/EDTA

+ 100mg/L glucose + Gluta-
MAX + pyruvate

5U/ml penicillin + 5pg/ml
streptomycin

serum-free + L-Glutamine

Trypsin 0.25% in 1mM EDTA

D-MEM Gibco, Invitrogen

Gibco, Invitrogen

Gibco, Invitrogen
FBS, Gibco, Invitrogen

Gibco, Invitrogen

4.1.12 Software tools

Table 4.13: List of used software tools

Name

Distributor

Babelomics 4 tool
GEO repository
GraFit V6.0
LabLife
Multigauge V3.1
Netprimer

OligoPerfect Designer

http://babelomics.bioinfo.cipf.es/functional.html

http://www.ncbi.nlm.nih.gov/geo/

Erithacus Software

LabLife Software (www.lablife.org)

FujiFilm

Premiersoft (www.premierbiosoft.com)

Invitrogen (http://tools.invitrogen.com)
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Name Distributor

UCSC Genome Browser (http://genome.ucsc.edu/ENCODE)
VectorNTI V10 Invitrogen
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4.2 Methods

4.2.1 Working with DNA

Preparation and transformation of chemically-competent bacteria with DNA, amplifi-
cation of plasmid DNA in E. coli bacteria, purification, concentration determination,
restriction enzyme digestion, ligation of DNA fragments, analysis of DNA on agarose
and polyacrylamide gels, and amplification of the DNA by the polymerase chain reaction
(PCR) was performed according to the standard protocols [Sambrook and Russell, 2000].
Bacteria were cultured in LB-Lennox medium |Bertani, 1951] and selective antibiotics
were added corresponding to the plasmid encoded resistance. Plasmid DNA was isolated
with plasmid purification kits (Invitrogen/Qiagen). Isolation of DNA fragments from

agarose gels was performed using the Qiagen Gel Extraction kit.

4.2.1.1 Determination of DNA quality and quantity

The DNA concentration of single and double stranded DNA was determined by absorp-
tion measurement at 260 nm using a NanoDrop ND1000 spectrophotometer (Peqlab).
Protein impurities could be determined by absorption measurement at 280 nm and the
ratio Aggo/280- DNA impurities were determined by electrophoretically separation of
DNA fragments using 0.8-2.0 % (w/v) agarose gels in 1x TBE supplemented with 0.01 %
SybrSafe.

4.2.1.2 Polyacrylamide and agarose gel electrophoresis

Agarose gel electrophoresis was generally performed with gels containing 0.8 - 2 % agarose
in 1x TBE buffer, supplemented with 0.01 % SYBR Safe (Invitrogen), in 1x TBE running
buffer at a constant voltage of 100 V. DNA separation by polyacrylamide gel electrophore-
sis (PAGE) was done in 0.4x TBE at 4°C and 100 V. In order to remove unpolymerized
acrylamide the gel was prerun for 20-30min at 60-80V. For visualization the gel was
stained in 0.4x TBE containing ethidium bromide (0.5mg/ml) for 15min and washed

twice with destilled water for 10 min each.

4.2.1.3 Restriction digest

Restriction enzymes were used at reaction conditions according to the manufacturer’s rec-
ommendations concerning buffer, addition of BSA and temperature (see www.neb.com).
For the analytical digest 0.1-1pg DNA was incubated with 5 units of the respective re-

striction endonuclease in a total volume of 20 pul. The preparative restriction digest was
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done with 15 ug DNA using 60 units restriction endonuclease in a total volume of 60 nl.
The large scale digest, especially for nucleosome assembly, was done with 300 pg DNA
using 150 units restriction endonuclease in a total volume of 150 pl. To check the comple-
tion of the digest, DNA was electrophoretically separated using 0.8-2.0 % TBE-agarose
gels supplemented with SYBR Safe (Invitrogen).

4.2.1.4 Preparative DNA precipitation

DNA was precipitated (after PCR amplification, restriction digest, etc.) by addition
of 0.5 volumes of 7.5M ammonium acetate and 2 volumes of 100 % icecold EtOH. To
increase precipitation in samples with low DNA concentration glycogen was also added

(0.5 pg/ul). The general procedure was done as described [Sambrook and Russell, 2000].

4.2.1.5 Radioactive body labelling of DNA

For radioactive labelling of longer DNA sequences radioactive y-32P-dATP was added to
a standard PCR reaction. 50 pl reaction volume contained 100 ng template DNA and of
500 nM of each primer, 100 pM of dCTP, dGTP and dTTP, 20 pM dATP and 16.7 nM ~-
32P_dATP. Random amplification using Prime-a-gene Labelling System (Promega) with
Klenow Fragment and random primer was used according to manufacturer’s protocol.
In general non-incorporated nucleotides were separated from labelled DNA using spin
columns prepacked with Sephadex G-50 (GE Healthcare). Labelling efficiency was mea-

sured by scintillation counter.

4.2.1.6 Radioactive end labelling of DNA

Short DNA sequences, especially oligonucleotide probes for southern blotting, were ra-
dioactively labelled with T4 polynucleotide kinase. A standard reaction in 1x T4-PNK
buffer contained 0.66 pM oligonucleotide, 10 untis enzyme (NEB) and 90 pM a-32P-dATP
in 15l total volume. After 45 min incubation at 37°C reaction was stopped by adding
5ul 0.2M EDTA and 50l H2O. Non-incorporated nucleotides were separated from la-
belled DNA using spin columns prepacked with Sephadex G-50 (GE Healthcare). La-

belling efficiency was measured by scintillation counter.

4.2.1.7 Annealing of double stranded oligonucleotides

Similar quantities of complementary single strand oligonucleotides were mixed in anneal-
ing buffer, denatured in a thermoblock (95°C for 5min) and slowly (1 -2 hours) chilled to
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room temperature (by switching the thermoblock off) to allow complete oligonucleotide

annealing.

4.2.2 Protein biochemical methods

Proteins were purified and analyzed according to standard protocols [Sambrook and
Russell, 2000]. Generally, proteins were stored at -80°C' and kept on ice befor starting

an experiment.

4.2.2.1 Determination of protein concentrations

Protein concentrations were determined using the colorimetric assay described by Brad-
ford [Bradford, 1976]. Additionally the concentration of purified proteins was estimated
according a titration curve of a standard protein (e.g. BSA) loaded onto a SDS-PAGE

followed by Coomassie blue staining (see figure 4.2).
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Figure 4.2: Quantification of purified protein by comparison to a BSA standard
curve

Increasing amounts of BSA, ranging from 200 to 1100 ng were loaded onto a 7.5 % SDS PAGE

(lane 2-11). Different amounts of purified protein, 1 to 4 pl (lane 12-15), were loaded in parallel

and gel was stained with coomassie subsequently. Intensity of BSA bands was quantified, plotted

as curve and comparison of the protein of interest specific bands allowed a quantification.

4.2.2.2 Denaturing SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Quantitiy and quality of recombinant proteins was initially analyzed by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE). Separating and stacking gels were prepared according

to standard protocols using ready-to-use polyacrylamide solutions from Roth (Rotigel,
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30 %, 49:1). For electrophoresis, protein samples were mixed with Laemmli SDS-PAGE
sample buffer, heat-denatured for 5min at 95°C and directly loaded onto the gel. Pro-
teins were separated at 35mA (4mA/cm) until the dye front reached the bottom of
the gel. The molecular weight of proteins was estimated by running pre-stained marker
proteins (PAGE ruler, Fermentas) in parallel. Following electrophoresis, proteins were

stained with either Coomassie Brilliant Blue or Silver.

4.2.2.3 Native polyacrylamide gel electrophoresis (Native Blue PAGE)

Based on the method described by Schéigger and von Jagow proteins were analyzed
under native conditions [Schégger and von Jagow, 1991]. Therefore protein-protein-
interactions could be detected and size of the complexes was estimated by comparison
to unstained marker proteins. According to manufacture’s protocol for NativePAGE (In-
vitrogen) 1.5 ng BSA, SNF2H, SNF2L and 5l NativeMark unstained protein standard
(Invitrogen) were loaded on a 4-16 % NativePAGE Novex Bis-Tris gel (Invitrogen). Sep-
aration of proteins was done at 4°C' with 150 volts for 60 min, then voltage was increased
to 250V proteins for 90 min. Proteins were fixed in 40 % methanol, 10 % acetic acid and
subsequently silver stained as described below. After documentation, the gels were dried

onto a Whatman paper at 80°C' for 2h on a gel dryer (BioRad).

4.2.2.4 Coomassie blue staining of protein gels

Polyacrylamide gels were stained for approximately 15 min on a slowly rocking platform
with Coomassie staining solution (0.1% Coomassie Blue R in 10 % acetic acid, 45 %
methanol). Gels were destained in 10 % acetic acid and 45 % methanol until protein
band became clearly visible. After documentation, the gels were dried onto a Whatman
paper at 80°C for 2h on a gel dryer (BioRad).

4.2.2.5 Silverstaining of protein gels

The staining of protein gels with silver nitrate solution was carried out according to the
protocol of Blum [Blum et al., 1987]. The gel was incubated for 6 min in fixing solution
(50 % methanol, 12 % acetic acid and 0.05% formaldehyde 37 %) and washed once in
50 % ethanol for 20 min. Before staining gel was preincubated for 1 min in preincubation
solution (5 % NayS203), washed two times with water (ddH20O, 20 sec) and subsequently
staining solution was added for 20 min (0.2 % AgNOs, 0.075 % formaldehyde 37 %). Af-
terwards the gel was washed with water (2 times, 20sec each) and developed with the

developing solution (6 % NagCOs, 0.05% formaldehyde 37 %, 0.5 % NagS203) until the



56 4.2. Methods

protein bands of interest were visible (typically, after 2 to 5min). The staining reaction
was stopped by incubating the gel in 1% acetic acid stop solution (more than 5min).
The gel was documented and dried onto a Whatman paper at 80°C' for 2h on a gel dryer
(BioRad).

4.2.3 GATEWAY cloning system

To express the human remodeling proteins an eukaryotic expression system was used.
Insect cells derived from the Spodoptera frugiperda (Sf21) can be easily infected by a cell
line specific virus, called baculovirus. Using a recombinant virus carrying a Gene-of-
Interest (GOI) allows high level production of recombinant proteins in a eukaryotic cell
system, including all kinds of post-translational modifications. Recombinant baculovirus
were cloned with the GATEWAY cloning system from Invitrogen. With this system a
GOl is first cloned into an entry vector. Form this vector the GOI can be transferred
into different organism specific destination vector by recombination. Diverse protein-tags
can be fused to the protein of interest by taking advantage of the numerous destination
vectors. Also for other expression systems like F. coli, yeast or mammalian cells specific
destination vectors are available and can be recombined with the same GOI containing
entry plasmid. Thus the GATEWAY system allows not only efficient cloning of specific
expression vectors, but also fast creation of large expression clone libraries.

The ccdB gene for negative selection is present in all GATEWAY vectors (destination
and entry vectors) like the chloramphenicol resistance gene (CmR) for counterselection.
After a BP or LR recombination reaction (refer to the Invitrogen manual for details),
this cassette is replaced by the GOI to generate the entry clones and expression clones,
respectively. The protein encoded by the ccdB gene interferes with E. coli DNA gyrase,
thereby inhibiting growth of most E. coli strains (e.g. DH5«, TOP10, but not XL1 blue).
Thus presence of the ccdB gene allows a strong negative selection of non recombined
plasmids, reducing the number of false positive clones and fastening the process of clone
selection. For propagation of ccdB gene containing vectors (pENTR3C, all donor and
destination vectors) an E. coli strain carrying a mutation in the gyrase gene (gyrA462)
that conferred resitance to the CcdB effects, like the DB3.1 strain, has to be used.

4.2.3.1 Creation of an entry clone

Gene sequence of human SNF2L (SMARCA1 pubmed accession number NM  139035.2)
and SNF2H (SMARCAS5 pubmed accession number NP 003592.2) were PCR, amplified
by PfuUltra II Fusion proof reading DNA polymerase from ¢cDNA clones. Using mis-

matching primer the start codon was deleted and at the 5’-end a BamHI and at 3’-end
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a Xbal restriction enzyme recognition site was introduced. According to manufactureris
protocol both genes were cloned into BamHI/Xbal linearized pENTR3C entry vector

(Invitrogen). This vector contains a Shine Dalgarno and Kozak sequence.

4.2.3.2 Creation of a destination clone

To create an expression clone a LR-clonase reaction (LR Clonase II mix, Invitrogen)
between a pENTR-GOI vector (attL sites, kanamycin resistance gene) and a pDEST10
vector (attR sites, ampicillin resitance gene, ccdB gene, chloramphenicol marker) was
performed. An AcMNPYV polyhedrin promoter allowed high expression levels of the GOI
and the vector also encodes a N-terminal Hisg-tag with a TEV protease cleavage site
and a SV40 late polyadenylation signal flanked by transposition elements (Tn7). The
reaction mixture was then transformed into DH5a or TOP10 competent cells and plated
onto LB 4, plates. Only the bacteria containing a pDEST-GOI plasmid were able to
grow, since the ccdB gene was replaced. Remaining entry vectors do not confer ampicillin

resistance.

4.2.3.3 Recombination into baculovirus bacmid DNA

The Bac-to-Bac system (Invitrogen) was used to obtain efficiently recombinant bac-
uloviruses. The pDEST10 vectors contain the polyhedrin promoter, the GOI and a
gentamycin resistance marker flanked by transposition elements (Tn7). The pDEST10-
GOI plasmid was transformed into E. coli DH10bac chemically competent cells, which
contained the bacmid DNA (tetracycline resistance marker) and a helper-plasmid (en-
coding a kanamycin resistance marker and a transposase). This transposase catalyzed
the recombination of the Tn7 flanked region of the pDEST10 vector into to the bacmid
DNA, which also contains Tn7 transposition elements. With the GOI also a gentamycin
resistance marker got integrated into the viral genome. Triple antibiotic and blue-white
selection resulted in the selection of the recombinant bacmid DNA (transposition of the
GOI + gentamycin into the bacmid DNA destroying the lacZ gene).

4.2.3.4 Isolating recombinant bacmid DNA and tranformation in Sf21 cells

After transformation of the pDEST10-GOI construct into DH10Bac E. coli cells and after
a successful transposition reaction, recombinant bacmid DNA was purified according the
"bac-to-bac" manual (Invitrogen) from positive white transformants. Purified bacmid

DNA was suitable for PCR analysis and transfection into Sf21 insect cells. The presence

of the desired GOI in the high molecular weight bacmid DNA was verified by PCR (with
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GOI and bacmid specifc primer, see section 4.1.6). The positive tested recombinant
bacmid DNA was transfected into Sf21 cells (1x 10° cells in one well of a 6-well plate)
with Cellfectin (Invitrogen) to produce a first viral stock. This virus stock was amplified

and used for protein expression (see below).

4.2.4 Sf21 insect cell culture and baculovirus protein expression sytem

Baculoviruses are a group of large double-stranded DNA viruses infecting insects. They
feature a narrow host range with each type of baculovirus being virulent only to a specific
insect species, while not infecting other insects, plants or mammals. Autographa califor-
nica Nuclear Polyhedrosis Virus (AcNPV) is well-studied and together with Spodoptera
frugiperda ovary cell culture (Sf21) a useful tool for recombinant protein expression. Dur-
ing the baculovirus life cycle, two different forms of virus are produced by the infected
host cell: extracellular virus particles bud during the early stage of infection (release 24
hours post infection) and spread infection to other organs of the insect. During the late
stage of infection, occluded virus particles form in the nucleus of the host cell. Occluded
virus consists of many nucleocapsids enveloped by a matrix mainly formed polyhedrin, a
structural protein expressed at very high levels. The polyhedrin matrix allows the virus
to last in the environment after the death of the host. After ingestion of occluded virus,
virions are released in the mid-gut of the next host and enter adjacent cells by endo-
cytosis. In vitro, polyhedrin is not necessary for virus replication and can be deleted
or replaced. As the polyhedrin promoter is the strongest promoter known at present,
it allows high expression levels of heterologous proteins. In addition, the baculovirus
genome and capsid structure tolerate insertions of sequence well, therefore large coding
sequences can be introduced [Fitzgerald et al., 2006; Berger et al., 2004]). Baculovirus
expression systems are very versatile tools for protein expression as they allow high-level
expression of large proteins providing also signal peptide cleavage, intron splicing, nuclear
transport, phosphorylation, glycosylation and acetylation, which often limits the use of

bacterial expression systems.

4.2.4.1 Culturing of Sf21 cells

Sf21 cells were cultivated in Sf-900 IT medium (Invitrogen) supplemented with 4 mM N-
acetyl-L-alanyl-L-glutamine, 50 U/1 penicillin, 50 pg/l streptomycin and 10% fetal calf
serum. Cells were grown as suspension cultures in spinner bottles at 75rpm or in Er-
lenmeyer flasks at approximately 100 rpm (depending on diameter of the flask) or as
monolayers at 27°C. Cell density of spinner cultures was kept between 5x 10° and 2x
109 cells/ml.
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4.2.4.2 Virus propagation by low MOI amplification

Amplification of baculovirus was undertaken to preserve the virus stock and to gain a
higher titer of virus that was used for protein expression. MOI (multiplicity of infection)
is defined as the number of baculoviruses/Sf21 cell. In order to avoid accumulation of
defective virus particles, reducing heterologous protein expression, baculovirus amplifi-
cation with a MOI of 0.1 is optimal. Low MOI infection was performed in spinner flasks
with 50-100ml culture volume and at a constant cell density of 10 cells/ml (always
dilute back to this cell number). Once infected, Sf21 cells had to double once during the
first 24 hours post-infection (e.g. 10 % of the cells were infected, whereas the other 90 %
doubled). Under these conditions growth arrest was usually observed another 24 hours
later. If the baculovirus titer was lower, it took some days (passages) until growth arrest
was reached (after multiple rounds of virus amplification). Budded viruses were released
starting from 24 hours after infection. In general viral supernatant was harvested 48

hours after the observed growth arrest.

4.2.4.3 Test expression of recombinant proteins in Sf21 cells

Once the baculovirus was amplified, the viral titer for large-scale protein expression had
to be determined. In 2ml medium 1x 10% cells were seeded per well of a 6-well plate.
For the amount of virus added per well, a viral titer between 1 x 107 pfu/ml and 5x 108
pfu/ml was assumed. For expression a MOI of 3 was optimal. The estimated amount
of virus (e. g. mock infection, 5, 15, 25, 50, 100, 150 ul of virus) was added and evenly
distribute by shaking on a horizontal platform for 1 hour. The 6-well plate was sealed
with parafilm and incubated for 48-72 hours at 27°C recording daily growth behavior
and infection process, allowing a rough titer determination. Cells were harvested by
scrapping off the plates and freezing pellets in liquid nitrogen. Recombinant protein

expression and affinity tag purification was tested in a small scale purification.

4.2.4.4 Protein expression in Sf21 cells

After determination of the optimal amount of viral supernatant needed for sufficient
protein expression a large scale expression was performed. Cells were grown in suspension
in spinner flasks flasks (250-500ml) and infected at a cell density of 1x 10° cells/ml
with the respective amount of recombinant baculovirus (as determined before with test
infections). After 72 hours cells were harvested by centrifugation for 5 -10 min at 500 g,

snap frozen in liquid nitrogen and stored at - 80°C' until use.
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4.2.5 Purification of recombinant proteins form Sf21 insect cells
4.2.5.1 Preparation of cell lysate

After optimizing protein expression a typical large-scale purification was done with 1-3x
10® insect cells (seesection 4.2.4.4). Purification was performed in the cold room and
samples were always kept on ice. Sf21 cell pellets were resuspended in 10 ml lysis buffer
(EX 500) without NP40 and transferred into a 15ml reaction tube. Protease inhibitors
PMSF (0.5mM), Leupeptin (0.5 pg/ml), Aprotinin (1pg/ml), Pepstatin (1pg/ml) were
added to buffers prior to use. The cell suspension was snap frozen in liquid nitrogen
and thawed in hand warm water. The freeze thaw procedure was repeated twice and
the suspension subsequently further lysed by sonification with a Branson Sonifier 250D
(small tip; 6x for 20s at 50 % amplitude and 50 % duty cycle with a cooling period 20s
of in between). The lysate was cleared by centrifugation for 30 min, 20,000 g and 4°C.
Supernatant was transferred to a 50 ml reaction tube and 10ml of lysis buffer (EX 500)
with 0.2 % NP40 were added and stored on ice.

4.2.5.2 Purification of His-tagged hSNF2H and hSNF2L

For affinity purification of hexa-histidin-tagged hSNF2H and hSNF2L by Ni-NTA agrose
300l of beads (Qiagen) were equilibrated in batch with EX500 (500 mM KCI, 20 mM
Tris/HCI pH 7.6, 1.5mM MgCly, 0.5mM EGTA and 10 % glycerol), substituted with
0.1% NP40 and 10mM imidazole. Protease inhibitors PMSF (0.5mM), Leupeptin
(0.5pg/ml), Aprotinin (1pg/ml), Pepstatin (1pg/ml) were added to buffers prior to use.
2x 150 1l equilibrated resin were incubated with 2x 10ml of supernatant from 3x 103
lysed insect cells for 90 min at 4°C in a overhead shaker. The resin was washed five times
with each 5 ml EX500 (containing 20 mM imidazole, protease inhibitors and 0.1 % NP40)
and loaded into a 1 mlmini column. The flow through was collected and reloaded once.
Bound proteins were eluted from the Ni-NTA-agarose by addition of 600 nl elution buffer
(EX300 containing 0.1 % NP40, 250 mM imidazole and protein inhibitors) and incuba-
tion for 60 min at 4°C' on overhead shaker. This elution step was repeated once. After
last elution step beads were resuspended in 500 pl EX500 buffer and 100 ul 10x protein
sample buffer was added. Individual fractions were collected and purification efficiency
was analyzed by SDS-PAGE (Coomassie blue staining). Samples were aliquoted, snap
frozen in liquid nitrogen and stored at - 80°C. Protein concentration was determined via

bradford assay in comparison to a BSA standard curve.
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4.2.5.3 Determination of DNA contamination of purified enzymes

Due to their function as in chromatin binding and remodeling co-purification of host cell
DNA with the ectopically expressed SNF2H and SNF2L enzyme had to be excluded. To
check for presence of DNA in the eluted protein samples 10 pug of remodeling enzyme were
diluted in 10 ul of a 1 % SDS solution supplemented with 20 pg proteinase K. Reaction was
incubated over night at 45°C' and DNA was precipitated subsequently using ammonium
acetate/ethanol. Pellet was resuspended in 50 ul 2x orange G loading dye and loaded on
a 1% agarose gel, stained with 1pg/ml EtBr.

4.2.5.4 Nuclease activity of the purified enzyme fractions

Contamination of the eluted protein fractions with cellular nucleases would significantly
disturb the functional experiments with nucleosomes and DNA. To exclude this kind of
contamination a nuclease test with plasmid DNA and eluted remodeler was performed.
1 pg of remodeler and 1 g of plasmid DNA were mixed in 10 pl EX buffer system (20 mM
Tris/HCI pH 7.6, 1.5mM MgCly, 0.5mM EGTA and 10 % glycerol) and the concentra-
tion of monovalent anions (C1™) and cations (K™ /Na™) was adjusted to 90 mM (standard
conditions for most functional assays). The reaction was incubated for 2h at 27°C and
reaction was stopped by adding SDS to a final concentration of 1% and 20 pg proteinase
K. Deproteinization was performed over night at 45°C' and DNA was precipitated sub-
sequently using ammonium acetate/ethanol. Pellet was resuspended in 50 pl 2x orange

G loading dye and loaded on a 1% agarose gel, stained with 1 pg/ml EtBr.

4.2.6 In vitro reconstitution of chromatin

4.2.6.1 Preparation of DNA fragments for nucleosome assembly by restriction
digest

Restriction digest of pUC plasmids containing several repeats of nucleosome positioning
sequences flanked by restriction recognition sites allowed fast and specific production
of DNA fragments for nucleosome assembly. 300 pg of plasmid DNA (pUC18 12x 601;
pUCI19 7x hsp70, pUC19 7x -232/+ 16 rDNA and pUC19 10x - 190/ 4+90) was digested
with 150 units restriction endonuclease in a total volume of 150 jl supplemented with 0.1
mg/ml BSA. Complete digestion was checked using 0.8-2.0 % TBE-agarose gels supple-
mented with SYBR Safe (Invitrogen).
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4.2.6.2 Preparation of NPS DNA fragments by PCR

To generate nucleosomal DNA fragments of specific sizes a PCR was performed. As
template the pPCRScript _slol-gla75 insert was used, which contained two copys of the
nucleosome positioning sequence NPS1 with rDNA and hsp70 DNA flankings (synthe-
sized and cloned by Sloning). This NPS1 sequence is based on the 601 nucleosome
positioning sequence [Lowary and Widom, 1998|. 128 of the 147 base pairs is identical to
the 601 sequence, at the divergent positions in principle C was replaced by T to reduce
the CpG contend (see appendix for full sequence). Prior to use as a PCR template the
plasmid DNA was restriction digested with Bglll in preparative scale to cut the dimeric
NPS1 template down to two monomers. For production of NPS1 constructs with defined
flanking DNA specific primer pairs were used. For the 0-NPS1-0 sequence without linker
DNA the reverse primer (AP8) hybridized 5 bp upstream of 3’-border of the NPS1 se-
quence, hence amplifying a 142 bp DNA fragment instead of 147 bp. The contructs with
DNA flanking NSP1 were 191 bp (22-NPS1-22), 200 bp (6-NPS1-47 and 33-NPS1-20),
227 bp (40-NPS1-40) and 301 bp (77-NPS1-77) in length. Preparative PCR reaction
was performed in 2ml scale with 2 g template DNA, 0.2mM dNTPs, 1 pM forward
and reverse primer and 20l Taq DNA polymerase (Genaxxon) in 1x reaction buffer
(Genaxxon). Reaction mix was split into 20x 100 pl into 200 nl PCR tubes and reaction
was started as semi-hot start in a PCR cyler (PeqLab) using the following cycle steps.

Table 4.14: PCR protocol for large scale amplification of NPS sequences

Step Time Temperature

initial denaturation 2 min 94°C

denaturation 30s 94°C

annealing 30s 59°C 35x
elongation 30s 72°C

final elongation 5 min 72°C

Reaction were cooled down to 4°C', 10 ng/pl glycogen was added and PCR products were
precipitated with 7.5 M ammonium acetate and ethanol. Purity was checked on a 1.5 %

agarose gel and conentration was determined using Nanodrop Photometer (PeqLab).
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4.2.6.3 Assembly of chromatin by salt gradient dialysis

Nucleosomes were assembled from DNA and histones by the salt gradient dialysis tech-
nique according to Rhodes [Rhodes and Laskey, 1989|. The assembly reaction was per-
formed in the lid of siliconized 1.5 ml tubes (Biozym). Dialysis membranes with a MWCO
of 3.5 kD (Spectrapor) were pre-incubated for 5 min in high salt buffer (10 mM Tris/HCI
pH 7.6, 2M NaCl, 1mM EDTA, 0.05% NP40, 1 mM S-mercaptoethanol). This mem-
brane was placed over the lid of a 1.5ml tube with a big hole (O-ring). The membrane
was fixed with asecond tube, where the bottom was cut and the lid removed. The tubes
were placed (in a styrofoam floater) into a 31 beaker filled with 300 ml high salt buffer
(containing a magnetic stirrer). Air bubbles below the membrane were removed with a
bent pasteur pipette. Finally the assembly reaction were pipetted into the lid. 3 1 of
low salt buffer (10 mM Tris/HCI pH 7.6, 50 mM NaCl, 1 mM EDTA, 0.05 % NP40, 1 mM
B-mercaptoethanol) were pumpend into this beaker with a flow rate of 300 ml per hour
at room temperature. Hence salt concentration decreased slowly from 2M to 227 mM
allowing a specific assembly of the histone octamers onto the given DNA fragment.

For a test assembly reaction typically 5pg of DNA were mixed with different amounts
of histone octamers, varying from 3 to 6 g, in a final volume of 50 pl high salt buffer,
supplemented with 200 ng/pl BSA. If the DNA was generated by PCR reaction 250 ng
pCMV14 DNA was also added as competitor, to avoid unspecific nucleosome assembly.
After the optimal histon:DNA ratio had been determined, nucleosomes were assembled
in large scale. In general 25 pg of DNA was mixed with an optimal amount of histones
in 250l high salt buffer, supplemented with 200 ng/ul BSA. For PCR products 1pg
pCMV14 competitor plasmid DNA was added. The assembly mix was split into 5x 50 nl
before loading into the dialysis chambers. In case of mono-nucleosomes quality of the
assembly reactions was directly checked on native 6 % PAA gels in 0.4x TBE run for
60-70min at 100 V. To control assembly of poly-nucleosomes on plasmid DNA (pUC18
12x 601 and pT11) a partial MNase digested had to be done (see below).

4.2.6.4 Chomatin analysis by micrococcal nuclease digestion

Micrococcal nuclease (MNase) cleaves DNA preferentially in the linker region between
individual nucleosomes [von Hippel and Felsenfeld, 1964|. Partial MNase digestion gener-
ates a so-called nucleosomal ladder, thereby allowing qualitative analysis of the obtained
grade of chromatin. Typically, 1.5 pg of chromatin was partially digested with MNase
(MNase concentration had to be optimized for each assembly) for 30, 60 and 240 sec in
the presence of 3mM CaCly. The reaction was stopped by the addition of 0.2 volumes of
stop solution (4 % SDS, 100 mM EDTA). Reactions were supplemented with proteinase K
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(10 pg / reaction) and glycogen (10 pg) and deproteinized for at least 1 hour at 40°C'. The
DNA was purified by ethanol precipitation (0.5 vol 7.5M NH4Ac and 2 volumes 100 %
ethanol were added, incubated for 10 min on ice, centrifuged for 15 min at 13,000 rpm and
washed once with 70 % ethanol), air dried, dissolved in 10l loading buffer and analysed
on 1.3 % agarose gels supplemented with 0.01 % SYBR Safe.
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Figure 4.3: Partial MNase digestion of in vitro assembled circular chromatin
Circular chromatin was assembled on plasmid DNA with chicken histiones by salt gradient anal-
ysis. 1.5 png chromatin was digested with micrococcal nuclease and reaction was stopped after 20,
60 and 240 sec incubation (lanes 2-4). After digestion with proteinase K DNA was precipitated
and analyzed on a 1.3 % agarose gel stained with 0.01 % SybrSafe.

4.2.7 Functional remodeling assays

4.2.7.1 Mono-nucleosome band shift assay

Binding of SNF2H and SNF2L to nucleosomes or DNA was analyzed by band shift exper-
iments. In a standard experiment 150 nM of assembled nucleosomes were incubated with
rising amounts of enzyme (50-1000nM) in absence of ATP in a total Volume of 10 ul.
To avoid unspecific binding reaction mixture was supplemented with 200 ng/ul BSA and
siliconized 1.5ml reaction tubes were used (Biozym). The reaction was performed in
the EX buffer system (20 mM Tris/HCI pH 7.6, 1.5 mM MgCly, 0.5 mM EGTA and 10 %
glycerol) and the concentration of monovalent anions (Cl7) and cations (Kt /Na™) was
adjusted to 100 mM. For binding samples were incubated for 15 min at 30°C', then reac-
tions were cooled on ice and 4 pl 10x Orange G loading dye was added. Polyacrylamid
gels (4.5 or 6 %) in 0.4x TBE were pre-run for 20-30 min, samples loaded and gel run
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for 60-90 min at 100 V. Optimal running time was controlled by using orange G as a
marker. Subsequently DNA was stained with 0.5 mg/ml ethidium bromide in 0.4x TBE
for 10 -15 min and destained 2x 10 min with dH5O. Documentation was performed with
the gel documentation system. Quantification of the signal intensities for the unbound
nucleosomal fragments was done with Multi Gauge Software (FujiFilm). Direct compar-
ison of signal of unbound nuclesomes to enzyme bound nucleosomes was not possible,
because binding to the substrate lead a to formation of high molecular weight complexes
that did not migrate into to gel. Therefore the signal intensity in the gel slot became
saturated and did not correlate to DNA amount. Hence relative binding efficiency B was
measured as ratio between the intensity of unbound nucleosomal signal (Lyuc not bound)

divided by intensity of input signal (L,uc input) in the first lane.

B = Inuc not bound - Inuc input

Fitting of the binding curves derived from this well reproducible quantitative approach
was done using GraFit V6.0 Software (Erithacus Software) and the following standard

equitation for cooperative binding:

_ cap x L™
Y= qn = + Back

Where cap is the maximum binding capacity, L ligand concentration, K is the binding

constant, n is the Hill coefficient and Back is the background.

4.2.7.2 Poly-nucleosome band shift assay

Binding of SNF2H and SNF2L to poly-nucleosomes was also analyzed by band shift
experiments. In a standard experiment 3.3nM of poly-nucleosomes assembled on linear
14 kB plasmid DNA were incubated with rising amounts of enzyme ranging from 50
to 1000nM in a total volume of 10pl. Binding was tested in absence and presence of
2mM ATP. To avoid unspecific binding reaction mixture was supplemented with 200
ng/nl BSA and siliconized 1.5 ml reaction tubes were used. The reaction was performed
in the EX buffer system (20mM Tris/HCI pH 7.6, 1.5mM MgCly, 0.5mM EGTA ang
10 % glycerol) and the concentration of monovalent anions (Cl1~) and cations (Kt /Na™)
was adjusted to 100 mM. For binding samples were incubated for 15 min at 30°C', then
reactions were cooled on ice and 4 pl 10x Orange G loading dye was added. Unbound
poly-nucleosomes were separated from formed complexes on a 1% agarose gel in 0.4x
TBE by electrophoresis for 2.5h at 100 V. DNA was stained with 0.5mg/ml ethidium
bromide in 0.4x TBE for 10- 15 min and destained 2x 10 min with dH5O. Documentation
and quanification was done according to the protocol described for mononucleosome band

shift experiment (seesection 4.2.7.1).
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4.2.7.3 Nucleosome remodeling assay

The nucleosome remodeling assay allowed the visualization of single nucleosome move-
ments, catalyzed by ATP dependent nucleosome remodeling factors [Langst et al., 1999].
All reactions were performed in siliconized tubes (Biozym). A typical reaction contained
100 nM mononucleosomes with defined translational positions and 2mM ATP in a total
volume of 10 pl in EX buffer system (20 mM Tris/HCI pH 7.6, 1.5 mM MgCly, 0.5 mM
EGTA ang 10 % glycerol). The concentration of monovalent anions (Cl7) and cations
(KT /Na™) was adjusted to 90 mM. Nucleosomes were incubated with 50-200nM of the
enzymes indicated in the individual figures for 90 min at 27°C. The reaction was stopped
by the addition of 1 pg competitor DNA (plasmid DNA) and further incubated for 5 min.
Nucleosome positions were resolved by native gel electrophoresis in 4.5% or 6 % poly-
acrylamide gels in 0.4x TBE. Gels were pre-run for 20-30min and run for 60-90 min
at 100 V. Optimal running time was controlled by using orange G as a marker. After
separation of the nucleosomes positions by native gel electrophoresis, the nucleosomal
DNA was visualized by staining with 0.5 mg/ml ethidium bromide in 0.4x TBE for 10-
15 min and destaining 2x 10 min with dH20O. Documentation was performed with the gel

documentation system (Bio-Rad).

4.2.7.4 Chromatin spacing assay

Remodeling activity of SNF2H and SNF2L was also tested on poly-nucleosomal substrate.
The circular pUC18 plasmid containing 12 repeats of 601 positioning sequence (pUC 18
12x 601) was assembled into chromatin using limited amounts of histones. Specifically
the 601 nucleosome binding sequence was incorporated into nucleosomes, due to the in-
creased affinity for histone octamers, compared to unstructured pUC18 sequence. Using
these arrays of 601 sequences a nucleosome spacing of 200 bp (147 bp nucleosme posi-
tioning signal + 53 bp linker sequence) was generated. All reactions were performed in
siliconized tubes (Biozym). For a standard spacing experiment 1pg of pUC18 12x 601
chromatin was incubated with 550 nM remodeling enyzme. A typical reaction contained
1.5mM ATP in a total volume of 16 pul in EX buffer system (20mM Tris/HCI pH 7.6,
1.5mM MgCly, 0.5 mM EGTA ang 10 % glycerol). The concentration of monovalent an-
ions (C17) and cations (K™ /Na™) was adjusted to 80 mM. Nucleosomes were incubated
with the enzymes indicated in the individual figures for 90 min at 27°C'. The reaction was
stopped by expanding the volume with EX80 to 60 ul and addition of MNase in presence
of 3mM CaClsy. Typically 0.5 ng MNase were added and partial digested the linker DNA
in a time course form 30, 80, 160 to 200 sec. The reaction was stopped by removing 15 nl
from the reaction and adding 0.2 volumes of stop solution (4% SDS, 100mM EDTA).
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Reactions were supplemented with proteinase K (10 g / reaction) and glycogen (10 pg)
and deproteinized for at least 1 hour at 40°C. The DNA was purified by ethanol pre-
cipitation (0.5 vol 7.5M NH4Ac and 2 volumes 100 % ethanol), incubated for 10 min on
ice, centrifuged for 15 min at 13000 rpm and washed once with 70 % ethanol, air dried,

dissolved in 10 pl loading buffer and analyzed on 1.3 % agarose gels supplemented with
0.01 % SYBR Safe.

4.2.7.5 ATPase assay

ATPase assays were performed in the presence of v-32P-dATP (3000 Ci/mmol) with
various substrates to analyze the specific activity. A typical reaction contained 240 nM
of DNA or chromatin in 12.5pl reaction volume with the following buffer conditions:
20mM Tris pH 7.6, 75mM monovalent anions (C17) and cations (K*/Na't), 1.5mM
MgClg, 0.5mM EGTA, 10% glycerol, 200 ng/ul BSA, in the presence of 5pM ATP
together with 5nM of y-32P-dATP. The reaction was kept on ice and incubated at 30°C
after the addition of 120nM remodeler. At different time points (typically after 0, 45
and 90 min) 2l of the reaction was added to 4 nl Tris/HCI pH 7.6 and 10 mM EDTA to
stop ATPase reaction and stored on ice. The hydrolyzed phosphate was separated from
unreacted ATP by gel electrophoresis. A 20 % PAA gel in 1x TBE was polymerized in a
glas cassette and pre-run for 20 min at 80 V. 3 ul bromphenol blue loading dye was added
to each reaction. Samples were separated at 10 mA until the bromphenol blue dye has run
2 cm into the gel (approximately 40 min). Gels were sealed in a plastic bag and exposed
on BioMaxMS film (Kodak Film) for 30-45min. ATP and hydrolyzed phosphate spots
were quantified using the multigauge software. The percentage of hydrolyzed ATP (Ry)

was calculated according to the following equation:

Ry — & +I§TP
3

Where P; was the signal intensity of hydrolyzed phosphate divided by sum of of left
ATP signal and hydrolyzed phosphate signal P; + ATP. Experiments were repeated

twice and standard deviation were calculated.

4.2.7.6 MNase footprinting assay

A remodeling reaction with 150 nM 0-NPS1-0 mononucleosomes was done with 200 nM
SNF2H and SNF2L according to the remodeling protocol described in section 4.2.7.3 in
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Figure 4.4: Separation of ATP and phosphate on 20 % polyacrylamid gels
(A) 5 1M ATP mixed with 5 1M of v-32P-dATP in 50 1l 1x reaction buffer (NEB) were incubated
with 10 units apyrase for 90min at 30°C. 2pl of the reaction were loaded to a 20 % PAA gel in
1x TBE. (B) Example of ATPase test with 120nM SNF2H in presence of 240nM 77-NPS1-77
nucleosomes.

at total volume of 15ul. The reaction was stopped by the addition of 1png (=5pM)
35bp long double stranded competitor oligonucleotide (sb3 + sb4) and further incubated
for 5min. Accessible linker DNA was digested with 9 U MNase in total volume of 63l
of EX80 supplemented with 3mM CaCls. The reaction was stopped after 30s, 60s
and 4min by removing 15pl from the sample and adding of 10l of stop solution (4 %
SDS, 100mM EDTA). Reactions were supplemented with proteinase K (10 ug / reaction)
and glycogen (10pg) and deproteinized for 45 min at 40°C. The DNA was purified by
ethanol precipitation (0.5 vol 7.5M NHyAc and 2 volumes 100 % ethanol were added,
incubated for 10 min on ice, centrifuged for 15 min at 13,000 rpm and washed once with
70 % ethanol), air dried, dissolved in 10 ul ddH20O. 11l of each samples was brought to a
volume of 20 pl with ddH2O and 1 pl of a 1:400 dilution of SYBR Green I in DMSO was
added. The samples were loaded onto a capillary electrophoresis by electro-kinetically
injection for 2 s at 33V /cm in an uncoated 30 cm capillary with 5.5 % PVP in 1x TBE.
DNA was separated for 9min at 166 V/cm over 10 cm distance. For detection a 488 nm
argon-ion Laser with a 488nm notch filter and 560/20nm bandpass filter was used.

Relative laser signal intensities were plotted as a function of the retention time.
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4.2.7.7 Analysis of remodeling kinetics by measurement of FRET burst

The dynamic binding studies based on FRET were done in collaboration with the group
of Prof. Dr. Jens Michaelis at the Department of Chemistry and Biochemistry at the

Ludwig-Maximilians-University Munich.

Synthesis of atto532 and atto647 double fluorescently labelled nucleosomal DNA
by ligase chain reaction Design and synthesis of atto532 and atto647 fluorescently
labelled NPS1 nucleosomal DNA was done by Barbara Treutlein from the group of Prof.
Dr. Jens Michaelis. Labelled and unlabeled oligos for DNA syntheses were purchased via
IBA BioTAGnology (Gottingen). The synthesis of 200 bp DNA from 10 oligonucleotides
was based on the Ligase Chain Reaction (LCR) |Barany, 1991] using Taq DNA Ligase
(New England Biolabs). A detailed description of the protocol established by Barbara

Treutlein is presented in the supplementary information in the appendix.

FRET burst analysis FRET burst experiments and raw data analysis were done by
Wolfgang Kiigel from the group of Prof. Dr. Jens Michaelis. The method established by
Wolfgang Kiigel is described in all details in the appendix.

4.2.7.8 Localization of GFP- and RFP-tagged SNF2H and SNF2L in 3T3 nuclei

The nuclear localization of SNF2H and SNF2L was ananlyzed in collaboration with
Fabian Erdel from the laboratory of Dr. Karsten Rippe at the Research Group Genome
Organization & Function at the DKFZ and the BioQuant in Heidelberg. Murine NIH
3T3 cells were cultured in DMEM High Glucose/10% FCS. For live imaging of SNF2H
and SNF2L, cells were seated in a LabTek-chamber and transiently transfected with aut-
ofluorescent constructs of SNF2H /SNF2L using Effectene (Qiagen). Confocal microscopy
images were acquired with a Leica SP5 confocal microscope equipped with a 63x oil im-
mersion objective. EGFP-tagged SNF2H was cloned as described [Collins et al., 2002]
and accordingly a SNF2L EGFP construct was generated [Erdel et al., 2010].

4.2.8 Structural and functional analysis of human chromatin
4.2.8.1 Growing Hela cells

Human adenocarcinoma cells of the HeLa line were cultured and propagated in D-MEM
medium (+ 100mg/L Glucose + GlutaMAX + Pyruvate) supplemented with 10 % FCS
and 50 U/1 penicillin, 50 ng/1 streptomycin (all from Invitrogen). Under optimal condition
in a humidified chamber at 37°C with 5% CO4 cells numbers doubled ever 23 - 24 hours.
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The culture supernatant was changed every 2-3 days depending of the confluency of
the cells. The cells were split at an estimated confluency of 70%. For splitting 3ml
trypsin/EDTA solution was added to the of a confluent 15 cm dish (diameter) and the
then incubated for 3-4min at 37°C. The reaction was stopped by adding culture medium
at three time the volume as EDTA /Trypsin. After determination of cell density, an
appropriate volume of cells was transferred to a new flask and filled with medium to the

final volume.

4.2.8.2 Isolation of genomic DNA from Hela cells

For preparation genomic HeLa DNA confluent 15cm dishes (diameter) with approx-
imately 2x 107 cells were once washed with PBS. Then 3ml permeabilization buffer
(15mM Tris/HCI pH 7.6, 300 mM saccharose, 60 mM KCl, 15mM NaCl, 3mM CaCls,
0.5mM EGTA, 0.2% (v/v) NP40) was added and cells were incubated for 2 min at 37°C.
Cellular RNA was digested by addition of 250 ng RNase A in 3ml 50 mM Tris/HCI pH 8,
20mM EDTA and 1% SDS. After 2 hours of digestion at 37°C' 250 ng proteinase K was
added to subsequently degrade all cellular proteins. This reaction was performed over
night at 37°C. The next day the highly viscous DNA containing cell lysate was aspirated
and vortex for 5-10min to shear genomic DNA and increase solubility. Addition of 0.5
volumes of 7.5 M ammonium acetate and 2 volumes of 100 % icecold ethanol to the lysate
precipitated DNA. This mixture was incubated for 10 min on ice and then centrifuged for
30 min at 4°C at 20,000 g. The DNA pellet was washed once with 70 % ethanol. Before
dissolving DNA all ethanol had to be carefully removed and drying of the pellet had to be
avoided, since this would highly reduce DNA solubility. Then the pellet was resuspended
in 2 ml prewarmed ddHsO and over night incubated at 45°C' in thermo shaker to dissolve

genomic DNA.

4.2.8.3 MNase digestion of HeLa chromatin

Chromatin of HeLa cells was analyzed by partial digestion of nucleosomal linker DNA.
Confluent 15 cm dishes, in general 10-15 in total, with approximately 2x 107 cells were
once washed with 5ml PBS. Prior to use micrococcal nuclease (MNase) from Staphylo-
coccus aureus was added to the permeabilization buffer (15 mM Tris/HCI pH 7.6, 300 mM
saccharose, 60 mM KCI, 15 mM NaCl, 4 mM CaCls, 0.5 mM EGTA, 0.2 % (v/v) NP40 and
fresh 0.5 mM 2-mercaptoethanol). Per dish 3ml permeabilization buffer supplemented
with, depending on the experiment, 100-2000 units MNase was added and cells were

incubated for 3min at 37°C. The nuclease reaction was stopped by addition of 3 ml stop
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buffer (50 mM Tris/HCl pHS8, 20mM EDTA and 1% SDS) and RNA was digested by
addition of 250 ng RNase A. After 2 hours of incubation at 37°C 250 pg proteinase K was
added to subsequently degrade all cellular proteins. This reaction was performed over
night at 37°C. The next day the viscous DNA containing cell lysate was aspirated and

non-digested nucleosomal DNA was isolated as described below.

4.2.8.4 Preparative purification of nucleosomal DNA from Hela cells

In general nucleosomal DNA was precipitated according to the ammonium acetate and
ethanol protocol. To isolate DNA form HeLa lysate in a preparative scale this protocol
had to be modified. One challenge when isolating DNA from 10x 15 cm dishes was the
large volume increase of the precipitation mixture (60 ml lystate + 150 ml NH4Ac/EtOH)
and the limited capacity of centrifuges rotating with 20,000 g. After addition of 0.5 vol-
umes of 7.5 M ammonium acetate and 2 volumes of 100 % icecold ethanol to the lysate
the mixture was incubated for 10min on ice. DNA precipitates were then separated
by filtration instead of centrifugation. Precipitation suspension was loaded into 20 ml
syringes with 0.22 pym Millex GV Durapore PVDF membrane filters (Millipore). The
suspension was drawn through the filter by vacuum, and precipitates retained on the
membrane. Filter were washed once with 3ml icecold 70 % ethanol and after all alco-
hol was removed filters were dried on a thermo block at 60°C. To elute DNA filters
were screwed to 5ml syringes and the forcer was removed. Then filters were presoaked
by addition of 500 ul warmed ddHO and after a few minutes further 500 pl water were
added. Water was flushed through the filters and elutates were collected in 2 ml reaction
tubes. This elution step was repeated once. DNA concentration of the eluate fraction
was determined by absorption measurement at 260 nm using a NanoDrop ND1000 spec-
trophotometer (Peqglab). The total amount of DNA isolated from lysates of 2x 107 cells
was approximately 200 ug DNA in elution one and 20 pg in the second elution. Estimat-
ing that a normal diploid human cell contains 7 pg of DNA in total [LabFAQS, 2010],
and taking into account that HeLa cells have an abnormal karyotype with modal number
of 82 (70-164), 13 pg of DNA can be found in one tumor cell. The lysate of a confluent
15 cm dish with 2x 107 cells contains approximately 260 ng of DNA. With 220 ug of pu-
rified DNA roughly a recovery rate of 85 % was reached with this method.
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4.2.8.5 Isolation of nucleosomal DNAs of specific size after high MNase treatment

Incubation of permeabilized cells with MNase leads to fast degradation of free linker
DNA within the chromatin. DNA sequences wrapped around the histone octamers are
protected from endonucleolytic cleavage. Since the conditions used for MNase treatment
were optimized to partially degrade chromatin, beside the 147 bp mono-nucleosomal frag-
ment (1n) also di- (2n) and trinucleosomal (3n) DNA could be separated by agarose gel
electrophoresis. For a preparative isolation of 1n, 2n and 3n nucleosomal DNAs separa-
tion was done using a 18 cm x 20 ¢cm x 1.5 cm gel with 1.5 % agarose in 1x TBE pre-stained
with 0.005 % SYBR Safe. Nuclesomal DNA was mixed with 10x DNA loading dye and
10-20 g DNA were loaded per 3cm lane. DNA fragments were separated for 3-4h at
120 V. When 1n, 2n and 3n nucleosomal DNAs were clearly separated bands were ex-
cised with a sterile scalpel. From excised gel slides DNA was eluted using the Bio-Rad
Electro-Eluter according to manufacturer’s protocol for DNA elution. Green membrane
caps with a molecular weight cut of 3500 dalton (Bio-Rad) and were pre-incubated in
1x DNA elution buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA pH8.0 and SDS
0.1% w/v) for one hour at 60°C. Then the Electro-Eluter was assembled and each tube
was filled with 1-1.5 gel slices. Elution was done at 10mA per tube for 15min in 1x
DNA elution buffer. After elution DNA was removed from the dialysis membrane by
inverting the polarity for 1min. Approximately 400-600 ul eluate were recoverd from
each membrane cap. Each cap was rinsed with 200 pl of fresh elution buffer and col-
lected with the elution fraction. Glycogen, 0.5 g/l final concentration, was added to
each sample and DNA was precipitated by ammonium acetate and ethanol as described.

Purity of each nucleosomal DNA preparation was analyzed by agarose gel electrophoresis.

4.2.8.6 Isolation of nucleosomal DNAs of specific size after low MNase treatment

After digestion with reduced MNase amounts (e.g. 250U per 15cm dish) only a frac-
tion of total HeLa chromatin was digested to mono- (1n), di- (2n) and tri-nucleosomes
(3n). To purify sufficient amounts of 1n, 2n and 3n DNA fragments more cells had to
be MNase treated and the DNA framents had to be enriched prior gel separation. When
directly loading the precipitated nuclease extract on a preparative agarose gel, the 1n,
2n and 3n fragments resembled such a small fraction of total DNA, that elution and pre-
cipitation of these DNAs from excised bands failed. To enrich smaller DNA fragments a
polyethylene glycol precipitation was done. The use of of polyethylenglycol 8000 (PEG
8000) at different concentrations allows the selective removal of smaller DNA fragments

[Paithankar and Prasad, 1991]. DNA fragments larger than 600 bp precipitate when us-
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Figure 4.5: Size selective precipitation of DNA fragments by PEG 8000
Chromatin of HeLa cells was partially digested with low dose of MNase. After purification of
DNA (input, lane 3) samples were incubated with different concentrations of PEG 8000 ranging
from 10 % to 5 %. DNA remaining in the supernatant (sn) was precipitated and also loaded on
a 1.3 % agarose gel (lanes 5, 7 and 9). With higher PEG concentrations smaller DNA fragments
were precipitated and only very small fragments remained in the supernatant.

ing PEG 8000 at 7% and MgCls at 10 mM final concentration. Low molecular weight
DNA remained in the supernatant under these conditions. MNase treated DNA was
mixed with 0.5 volume of PEG solution (21 % PEG8000, 30 mM MgCls), and incubate
10- 30 min at room temperature. Samples were centrifuged (22°C, 13,000 ¢, 15-30min),
and DNA within the supernatant was precipitated by ammonium acetate and ethanol as
already described and washed with 70 % ethanol, airdried and dissolved in an appropriate
volume of ddH5O.

These pre-separated DNA samples were then mixed with 10x DNA loading dye also
loaded on 18 ¢cm x 15 ¢cm x 1.5 cm gels with 2 % agarose in 1x TBE stained with 0.005 %
SYBR Safe. DNA fragments were separated for 3-4h at 120 V. When 1n, 2n and 3n nu-
cleosomal DNA were clearly separated bands were excised with a sterile scalpel [Kissing,
1976]. Beside these fragments also a pool of smaller DNAs could be isolated under these
conditions. Two populations of so called “sub-nucleosomal” DNA were isolated. Elution

was done using Bio-Rad Electro-Eluter as already described above.
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4.2.8.7 Southern blotting

Partially MNase digested chromatin from HeLa cells was purified and DNA fragments
were electrophoretically separated on a 14 x 21 cm 1% agarose gel in 1x TBE supple-
mented with 0.01 % SYBR Safe stain. Typically 5pg DNA were mixed with loading dye
and loaded per lane. As a size marker 5ul 1kb GeneRuler (Fermentas) and as positive
control 5 g genomic DNA digested with specific restriction endonucleases (EcoRI, Mspl,
Alul) were run in parallel. After separation of the fragments for 5h at 100 V the gel was
documented using the FLA3000 (FujiFilm) and subsequently incubated for 12 min in 0.25
M HCI to partially hydrolyze DNA. This step was followed by denaturation of double
stranded DNA in denaturation solution (0.5M NaOH, 1.5M NaCl) for 2x 15min. The
gel was incubated for 2x 15 min in 1 M ammonium acetate for neutralization. DNA was
transferred to nitrocellulose membrane by semi dry blotting using a stack of 2x What-
man paper rinsed in NH4Ac, 2 parafilm stripes paced at the edges for isloation (0.5 cm).
The inverted gel was placed onto the Whatman paper and wet with NH4Ac. Then the
nitrocellulose membrane was rinsed in NH4Ac and placed onto gel. 3x Whatman rinsed
in NH4Ac, 1 packet paper towels and a weigh were placed on top of this stack. After
transfer over night DNA was cross linked by UV light (30 J/cm?). Before radioactively
labelled DNA probes were hybridized to the DNA fragments nitrocellulose membrane
was pre-incubated for 60-90min in 0.5 M sodium phosphate pH 7.2, 7% SDS and 1 mM
EDTA at 60°C in a rotating wheel. Repetitive DNA elements (Alu-repeats, telomeres,
centromeres and rDNA) were detected using short oligonucleotides end-labelled with
7-32P-dATP by PNK (see section 4.2.1.6). To generate probes from purified 3n nucleoso-
mal (500 bp) DNA was bodylabelled with a-32P-dATP by Klenow fragment and random
primer (seesection 4.2.1.5). All probes were added to pre-hybridization solution with a
final activity of 10-107 cpm/ml and incubated over night at 60°C in a roating wheel.
Not bound probe was washed of 2x 30s with 40 mM sodium phosphate pH7.2, 0.1 %
SDS. Finally dried membrane was placed on a IP plate until significant radioactive sig-
nals were detectable with FLA3000 laser reader (FujiFilm).

4.2.8.8 Fluorescence in situ hybridization (FISH)

Hybridization of tri-nucleosomal DNA (3n) to metaphase spread chromosomes (2D) and
to fixed nuclei (3D) were done by Dr. Attila Németh in the lab of Prof. Dr. Thomas Cre-
mer at the Department Biology 11, Ludwig-Maximilians University Munich. DNA probes
were labelled with the Prime-it Fluour Fluorescence Labelling Kit from Stratagene ac-

cording to manufacturer’s protocol. 1 ng DNA was used and labelled with fuor-12-dUTP
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or Cy3-dUTP by random prime labelling with Klenow fragment at 37°C' over night.

2D FISH on metaphase chromosomes 2D FISH experiments were performed on HeLa
and human female lymphocyte metaphase spreads according to standard protocols. Tri-
nucleosomal DNA (3n) was labelled without amplification. For suppression of signals

from repetitive DNA regions, 10pg Cotl DNA was used.

3D FISH in HelLa nuclei 3D FISH experiments were performed as described [Cre-
mer et al., 2008|. In localization experiments 3n nucleosomal DNAs were fluorescently
labelled as decribed above and used on Hela cervix carcinoma cells and IMR90 lung
embryonic fibroblasts. Cells were fixed and 3D FISH experiments were performed. Con-
focal microscopy and image analysis was done after 3D FISH experiments as follows:
series of optical sections through 3D-preserved nuclei were collected using a Leica TCS
SP5 confocal system equipped with a Plan Apo 63-/1.4 NA oil immersion objective and
a diode laser (excitation wave length 405nm) for DAPI, a DPSS laser (561 nm) for Cy3
and a HeNe laser (633 nm) for Cy5. For each optical section, signals in different channels
were collected sequentially. Stacks of 8-bit gray-scale images were obtained with z-step

of 200 nm and pixel sizes 30- 100 nm depending on experiment.

4.2.8.9 Relative methylation levels of 1n, 2n and 3n nucleosomal DNA

Methylation level 1n, 2n and 3n nucleosomal DNA was analyzed using an ELISA based
assay. A methylation specific antibody allowed analysis of 50 to 100 pg nucleosomal DNA
with the Imprint Methylated DNA Quantification Kit from Sigma-Aldrich according to
manufacturer’s protocol. The subsequent calorimetric reaction of the antibody bound
enzyme was detected via absorbance at 450nm on a plate reader. To avoid sample

evaporation during incubation at 37°C, plates were sealed with a foil.

4.2.8.10 Hybridization of 3n nucleosomal DNA to ENCODE chip

Tri-nucleosomal DNA (3n) released from HeLa chromatin after partial digestion with 250
U (low MNase) and 1000 U MNase (high MNase) per 2x 107 cells was end labelled with
fluorescent dyes and hybridized to an ENDODE (encyclopedia of DNA elements) DNA
chip. For sample preparation 5pg of 3n DNA were gel-purified, resolved in ddH2O and
puritiy was photometrically checked. Asggo/Aggo ratio was 1.8 for both samples and the
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Aggo/Agsg ratios were 1.82 (low MNase) and 2.05 (high MNase), which both indicated a
sufficient purity for chip hybridization. Further sample processing and chip hybridization
was done by NimbleGen (Roche). DNA from low MNase conditions was labelled with
Cy3 and high MNase samples were labelled with Cy5. After further quality controls,
probes were hybridized to a 2007-10-25 HG18 ENCODE chip. On this isothermal hy-
bridization chip 385,000 50- 75mer probes were spotted with a median probe spacing
of 60bp. Since a standard ChIP-chip protocol was applied by NimbleGen high MNase
samples were treated as background "control” whereas low MNases served as “sample” in

the comparative analysis.

4.2.8.11 Bioinformatic analysis of comparative ENCODE chip

The bioinformatic analysis of the microarray data was done by our collaboration partner
Javier Santoyo-Lopez, PhD, from the laboratory of Joaquin Dopazo, PhD at Bioin-
formatics & Genomics Department Prince Felipe Research Centre (CIPF), Valencia,
Spain. The 3n low MNase Cy3 labelled peaks from the comparative ENCODE mi-
croarray hybridization were aligned to different functional data sets available from HelLa
S3 cells. In principle correlation with active chromatin marks like histone modifica-
tions H3K4me3, H3K36me3, RNAPII association and repressive marks as H3K27me3
and DNA methylation was analysed. Furthermore also data from expression arrays de-
tecting RNA transcripts from ENCODE regions were aligned to the peak pattern. The
information about the microarrays and chromosomal coordinates was taken from the
GEO repository (http://www.ncbi.nlm.nih.gov/geo/). A detailed list of the used data
bases is shown below. The functional annotation was done by overlaying the coordinates
from the described files with the ENCODE peak coordinates [Németh et al., 2010]. The
analysis of HeLa expression was a standard presence absence call using the Babelomics4

tool [Medina et al., 2010].

Table 4.15: Sources of functional ENCODE data from HeLa S3 cells

Description Database

DNaseSeq wgEncodeDukeDNaseSeqPeaksHelas3V3.narrowPeak.gz
http://hgdownload.cse.ucsc.edu/goldenPath/hgl8/encodeDCC/wgEncodeChromatinMap /
RNAPII wgEncodeUtaChIPseqPeaksHelas3Pol2.narrowPeak.gz
http://hgdownload.cse.ucsc.edu/goldenPath/hgl8/encodeDCC/wgEncodeChromatinMap/
H3K4me3 wgEncodeUwChIPSeqPeaksReplHelas3H3k4me3.narrowPeakk.gz
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Description Database

http://hgdownload.cse.ucsc.edu/goldenPath/hgl8/encodeDCC/wgEncodeChromatinMap/
H3K27me3 wgEncodeUwChIPSeqPeaksRep1Helas3H3k27me3.narrowPeakk.gz
http://genome.ucsc.edu/cgi=bin/hgTrackUi?db=hgl8&g=wgEncodeUwChIPSeq
H3K36me3 wgEncodeUwChIPSeqPeaksRepl1Helas3H3k36me3.narrowPeakk.gz
http://genome.ucsc.edu/cgi=bin/hgTrackUi?db=hgl8&g=wgEncodeUwChIPSeq

RNA GSM472905

http://www.ncbinlm.nih.gov/geo/query/acc.cgi?acc=GSM472905
RNA GSM396650

http://www.ncbinlm.nih.gov/geo/query /acc.cgi?acc=GSM396650







5 Results

5.1 Comparative analysis of human ISWI homologs SNF2H
and SNF2L

Sequence alignments of both human ISWI remodeler revealed that 80 % of the amino acids
of SNF2H are identical with SNF2L and even 87 % are conserved. The catalytic RecA-like
ATP dependent DExx and HELICc domains, together with DNA and protein interacting
HAND, SANT, SLIDE domains, are even higher conserved between both paralogs (95 %).
In contrast, the termini are highly divergent. Only 20 % of the first 78 N-terminal and
last 11 C-terminal amino acids are similar and predicted to form unstructured domains
of an unknown function (see figure 5.1 A). Despite this high degree of conservation,
there was evidence that SNF2H and SNF2L were not functionally redundant isoforms.
In mouse it had been shown, that both proteins exhibit a distinct spatial and temporal
expression pattern during development [Lazzaro and Picketts, 2001|. Depletion of SNF2L
in human malignant cancer cell lines induced growth arrest and apoptosis, not observed
after knock-down of SNF2H [Ye et al., 2009]. The molecular basis and the functional

implications of this specialization was addressed in this study.

5.1.1 Purification of recombinant human ISWI homologs

Both human ISWI homologs were recombinantly expressed with a N-terminal hexa-
histidin-tag in SF21 cells. Single step affinity purification using a Ni-NTA-matrix al-
lowed quantitative purification of both proteins in high purity. As demonstrated by the
analytical SDS-PAGE in figure 5.1 B and C, the first elution fractions showed a strong
signal at a molecular weight of approximately 130kD, which corresponded well to the
estimated size of 127 kD for SNF2H and 126 kD of SNF2L. This elution fractions E1 were
used for the presented experiments and typically, 300-450 pg recombinant protein was
purified from 100 x10° cells.

79
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Figure 5.1: Purification of recombinant human ISWI remodeler
(A) SNF2H and SNF2L have a highly similar protein sequence. Catalytic helicase domains
(blue) and interaction domains (black) are highly conserved between both homologs. In contrast
N- and C-terminal blocks (aa position 1-76 and 1028-1052 of SEN2H and 1-79 and 1031 - 1042
of SNF2L) showed only 20% conservation, in contrast to 95% at the remaining amino acid
positions.
(B) Purification of SNF2H. Hexa-His-tagged SNF2H was expressed in Sf21 insect cells and
purified by His-tag affinity purification. Here, an analytical 7.5 % SDS PAGE is presented.
(C) Purification of SNF2L as described in (B). Number indicate the volume fraction of each
sample loaded to the gel. Bands of the recombinant proteins highlighted by arrows. (L: lysate,
P: pellet, SN: supernatant, NB: not bound to beads, W1: wash fraction, E1: elution fraction).
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Figure 5.2: Quality control of purified SNF2H and SNF2L fractions
(A) Contamination of the recombinant proteins with cellular nucleases was excluded by a DNA
degradation test. 1pg plasmid DNA was incubated with 0.5 ng remodeler at standard remodeling
conditions for 2 h. After protein digestion with proteinase K (PK) DNA was precipitated and
checked on an agarose gel. To detect DNA, co-purified with the remodeling enzymes, 10 ng of
each protein was digested with PK and remaining nucleic acids were precipitated in parallel to
nuclease test samples.
(B) 1% agarose gel loaded with the precipitated DNA from nuclease test (lanes 1-3) and dis-
solved DNA after quantitative PK digest (lanes 5 and 6). In lanes 2 and 5 SNF2H, lanes 3 and
6 SNF2L was tested. Different forms of super-coiled plasmid DNA are marked by arrows.

Before purified remodeling enzymes were tested in functional assays, the quality of the
protein fractions was checked. Contamination of the enzymes with nucleases would lead
to chromatin degradation, and co-purified DNA would interfere with quantitative binding
measurements. As shown in figure 5.2 neither DNA degradation of the 3kb plasmid was
detected under standard remodeling conditions, nor DNA was precipitated after proteins
had been digested. The different DNA bands reflect the three levels of super-coiling of
the circular DNA. Since precipitation of all samples was done in parallel, precipitated

plasmid DNA demonstrated the quantitative extraction of nucleic acids at this step.
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5.1.2 Chromatin assembly

When analyzing the detailed mechanisms and functional differences of remodeling enzyme
and chromatin substrate interactions in wvitro, well characterized nucleosomal substrates
are crucial.

To specifically position histone octamers on DNA fragments, a 147 bp long nucleosome
positioning sequence, named NPS1, was used. This NPS1 sequence was based on the
well-studied 601 DNA [Lowary and Widom, 1998] and 87 % of all bases were identical. At
single positions, cytosine bases were replaced by thymine to remove CpG dinucleotides, in
order to allow also DNA methylation studies with these substrates (not part of the work
presented here). This exchange did not interfere with the sequence specific positioning
of nucleosomes (see well defined bands figure 5.3 C), since the affinity of 601 sequence
to histone octamers was in order of magnitudes higher, compared to any natural DNA
positioning sequence [Lowary and Widom, 1998; Widom, 2001]. This strong nucleosome
positioning signal was embedded into stretches of natural promoter sequences from the
murine rDNA and hsp 70 gene. A broad set of nucleosomes with a specific structure and
symmetry was produced by amplifying the NPS1 sequence with primer pairs hybridizing
to specific regions of the template sequence (figure 5.3). The promoter sequences served
as linker DNA flanking the NPS1 nucleosome positioning sequence. With this DNA
composed of the strong positioning sequences NPS1 flanked by natural promoter DNA

well positioned nucleosomes were formed.

The in wvitro assembly of chromatin by salt dialysis is based on the continuous decrease
of the NaCl concentration from 2M to 220 mM. DNA and chicken histone octamers were
mixed in 2M NaCl containing buffer. When the concentration of NaCl dropped below
1.5 to 1M, affinity of the (H3/H4) tetramer for DNA significantly increased. At 1 to
0.6 M NaCl, the affinity of the (H2A /H2B) heterodimers increased, and they were also
recruited to the nucleosome core particles, forming intact nucleosomes [van Holde, 1989).
As seen in figure 5.3 C, NPS1 containing DNA sequences amplified by preparative PCR
formed well positioned nucleosomes after assembly, as analyzed on native polyacrylamid
gels.

Another way to generate defined DNA fragments for chromatin assembly was restric-
tion digestion of plasmid templates. Multiple copies of 200 bp nucleosomal DNA with
the NPS1 sequence and 248 bp long rDNA promoter sequence or 359bp hsp 70 gene
promoter sequence [Hamiche et al., 1999] formed arrays in pUC plasmids. 7-12 copies
of these nucleosomal DNA sequences formed a repetitive module within a pUC18 or 19
plasmid backbone. These sequences were cleaved out of the pUC plasmids by specific

restriction endonucleases.
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Figure 5.3: Assembly mono-nucleosomes by salt gradient dialysis
(A) Primer pairs for amplification of NPS1 containing nucleosomal DNA. 5‘-end of AP8 hy-
bridized 5 bp upstream of the 3‘-end of NPS1, thus 0-NPS1-0 DNA fragment was 142 bp instead
of 147bp. (B) Indicated primer pairs allowed amplification of nucleosomal DNA with 0 bp, 22 bp
40 bp and 77 bp symmetric overhangs. (C) PCR amplified 0-NPS1-0, 22-NPS1-22, 40-NPS1-40,
77-NPS1-77 DNA was mixed with chicken histones (lanes 2, 4, 6, 8) and assembled into chro-
matin by salt gradient dialysis. (D) 200bp 33-NPS1-20 and 6-NPS1-47 nucleosomal DNA, a
248 bp region of murine rDNA promoter (lanes 6, 7) and 359 bp hsp70 promoter sequence (lanes
8, 9) were restriction digested from pUC plasmids. 2.8 kb pUC plasmid backbone (lanes 1, 4, 6,
8) served as competitor DNA during assembly and stacked into the wells. With the NPS1 DNA,
nucleosomes assembled at a single position (lane 2, 5), in contrast to promoter sequences with
nucleosomes at different distinct positions shown on a 4.5 % native PAA gel (lane 7, 9).
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Nucleosome assembly of these positioning sequences led to formation of specific mono-
nucleosomes. Packaging of the pUC plasmid backbone into chromatin formed unspecific
higher molecular weight complexes, which remained inaccessible to native PAA gels (see
wells of lanes 2, 4, 7 and 9 in figure 5.3 D). Mono-nucleosomal bands in 5.3 D lanes
2 and 4 were an example for the influence of the nucleosome symmetry on the migra-
tion behaviour within native gels. Both nucleosomes (33-NPS1-20 and 6-NPS1-47) were
assembled on a 200 bp long NPS1 containing DNA fragment. The terminal positioned
6-NPS1-47 nucleosome migrated faster than the particle of the same size with a centrally
positioned nucleosome (33-NPS1-20).

After assembly of nucleosomes onto the DNA sequences, covering the transcription start
site of the rDNA locus (- 232/4- 16) and the hsp 70 gene (- 348/+ 11), more than one sin-
gle position on the DNA fragment was occupied by a histone octamer. As seen in figure
5.3 D lanes 7 and 9, distinct patterns of different positioned nucleosomes were detected
on the native PAA gel. These positions reflect different thermodynamically favoured
sites for histone binding. In contrast to the strong positioning sequence of the NPS1
constructs, the natural promoter sequences allow formation of nucleosomes at different

translational positions.

Poly-nucleosomes were assembled on larger linearized or circular plasmid DNA. Using the
optimized amount of histones large arrays of regularly spaced nucleosomes were assembled
on the linearized 14 kb pT11 plasmid DNA. The correct assembly and nucleosome spacing
was analyzed by partial MNase digestion of the nucleosomal DNA. Depending on the time
point when the nuclease reaction was stopped, fragmentation down to different sizes was
reached. This was subsequently analyzed by agarose gel separation of the remaining DNA
in figure 5.4 A. The nucleosomes were evenly distributed and spacing of these arrays was
approximately 170 bp. Chromatin with an increased nucleosomal spacing was generated
by assembling limited amounts of histones to pUC18 plasmid DNA containing an array
of 12x 200 bp of the 601 NPS sequence (see also 5.3 B lanes 2 and 4). Under limiting
concentrations, histones preferentially assembled on the 601 NPS positioning sequences.

As seen in figure 5.4 B mean spacing of the nucleosomes was 200 bp.
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Figure 5.4: Assembly of poly-nucleosomes by salt gradient dialysis
(A) 11kb long pT11 yeast plasmid DNA was linearized and assembled into chromatin by addi-
tion of chicken histone octamers and subsequent salt gradient dialysis. Formation of nucleosomal
arrays was checked by partial MNase digestion. As shown in lanes 1-3, nuclease reaction was
stopped after different time points, and DNA was loaded onto a 1.3% agarose gel after de-
proteinization. Under these conditions, closed packed chromatin with nucleosomal spacing of
approximately 170bp was formed. The dotted line is a reference point for the length of tri-
nuclosomes.
(B) To generate chromatin with an increased nucleosomal spacing, pUC18 plasmid containing an
array of 12x 200 bp 601 NPS sequence was used. Under limiting histone concentrations during as-
sembly, histones preferentially assembled on NPS1 positioning sequences. Thus poly-nucleosomes
with a median spacing of 200 bp were generated, as analyzed by limited MNase digestion (lanes
2 and 3).
(C) Schematic representation of the differences between mono- and poly-nucleosomes (here tri-
nucleosomes are shown).
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5.1.3 Initial activity test of purified remodeling enzymes

Activity of the purified remodeling ATPases was analyzed in the presence of in witro
assembled chromatin. For this initial comparison, centrally positioned nucleosomes with
symmetrical 77bp long linker DNA (77-NPS1-77) were used as co-substrate. ATP-
hydrolysis catalyzed by both enzymes was followed by detection of released radioactive
phosphate. In a kinetic time course experiment the same amounts of SNF2H and SNF2L
hydrolyzed comparable levels of ATP after 45 and 90 min of incubation (figure 5.5 A).

For the chromatin remodeling assay same amounts of SNF2H or SNF2L were incubated
with 77-NPS1-77 nucleosomes in presence of ATP for 90 min. Relative nucleosome posi-
tions were analyzed subsequently on native polyacrylamid gels. Under these conditions
movement away from the dyad axis of the DNA fragment increased mobility (Léngst,
G., et al., 1999), whereas centrally positioned nucleosomes migrated slower. After incu-
bation with both enzymes, efficient sliding of centered nucleosomes to end-positions was
detected (figure 5.5 B). Both purified remodeling ATPases showed a comparable activity

in these standard in vitro assays.
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Figure 5.5: ATP-hydrolysis and nucleosome sliding activity of purified enzymes
(A) Quantification of hydrolyzed ATP (5 nM) in presence of 120nM enzyme after 0, 45 and
90 min. 301 bp free DNA or assembled into chromatin was used as co-substrates (250 nM). Error
bars represent standard deviation.

(B) Chromatin remodeling activity of both enzymes (100 nM) was tested using 301 bp long DNA
assembled in chromatin (200nM) and exposing 77 bp of extranucleosomal DNA in presence of
ATP (2mM). Different nucleosome positions were analyzed by EMSA on a native 4.5 % TBE-
PAGE.
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5.1.4 Mono-nucleosome binding

Interaction of ISWI remodeler to nucleosomes is dependent on the C-terminal substrate
binding domains. The SLIDE domain allows efficient DNA binding, whereas the SANT
domain binds to positively charged histone tails, enhancing the ATPase activity |Griine
et al., 2003].

Next, the binding of both ISWI homologs to different nucleosomal substrates was com-
pared. Striking differences were observed when analyzing binding of SNF2H and SNF2L
to central positioned 77-NPS1-77 nucleosomes with symmetric 77 bp long linker DNA.
For both enzymes, formation of stable complexes with the nucleosomes was detected, as
seen in the band shift experiments (figure 5.6). SNF2L showed a qualitatively different
binding to these nucleosomes, defined intermediates formed distinct bands, suggesting a
multimeric binding. Obviously, by single binding steps specific nucleosome-remodeler-
complexes were formed (figure 5.6 B). In contrast to this, SNF2H did not form specific
intermediates. Binding to the nucleosomes was detected, but interaction of the enzyme
and the substrate resulted in formation of large complexes, inaccessible to the gel.

A quantitative analysis of the band shifts allowed a deeper insight into binding character-
istics of both enzymes. Plotting the relative bound substrate as function of the enzyme
concentration enabled the calculation of an apparent binding constant. Fitting the data
revealed that formation of enzyme-substrate-complexes was not a linear function of the
enzyme concentration. Both proteins interacted with the nucleosomes in a highly coop-
erative process. The calculated Hill coefficient (n) and apparent binding constant (K; ;)
for SNF2H was n=9.5+4.0 and Ky /5 527423 nM. In contrast to this, SNF2L showed a
weaker cooperativity but a higher affinity as the calculated values for n=3.6+0.5 and
Ky =308 £12nM indicated.

In the subsequent experiment, the structural determinants of cooperative binding were
characterized. Instead of two equal 77 bp long DNA overhangs, 40 bp short linker were
used (40-NPS1-40). SNF2L also formed distinct intermediate complexes, which was
not the case for SNF2H (figure 5.7). Binding to nucleosomes with shorter DNA over-
hangs was still highly cooperative with Hill coefficients n = 7.2 + 1.6 for SNF2H and with
n=2.44+0.3 for SNF2L. The affinity to nucleosomes was weaker for SNF2H than for
SNF2L (K; /o SNF2H =647 £28nM vs. K,/ SNF2L =238+ 13nM).

Finally, nucleosomes with 22 bp short linker were tested (22-NPS1-22). Still distinct inter-
mediate complexes formed by SNF2L were detectable (figure 5.7 D). Also binding to nu-
cleosomes with short DNA overhangs was highly cooperative with n=7.141 for SNF2H
and with n=3.6 4 0.5 for SNF2L. SNF2H bound these nucleosomes with a weaker affin-
ity compared to SNF2L (K; /o SNF2H =638 £16nM vs. K,/ SNF2L =471 421 nM).
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Whether cooperativity was facilitated by subsequent binding to both symmetric DNA
linker was still unclear. To elucidate structural requirements of cooperative binding
asymmetric nucleosomes (6-NPS1-47) were tested as substrate. As seen in figure 5.8
A and B, the binding to this substrate was still cooperative (SNF2H n=7.3+1.2 and
SNF2L n=2.4 and 4-0.5). SNF2L showed also a higher affinity with a K; 5 =303 6 nM
compared to K;/,=205+21nM. In presence of only one asymmetric DNA overhang
SNF2L did not form smaller, detectable enzyme-nucleosome-complexes.

In foot printing experiments with Drosophila ISWI bound to nucleosomes, it had been
shown that the enzyme binds to the nucleosomal entry/exit sites [Langst et al., 1999;
Chin et al., 2004]. If interaction with core histones, mediated by the SANT domains, was
a prerequisite for cooperative binding, or also free DNA was bound by the HAND /SLIDE
domain in this way, was analyzed next.

Binding to radioactively labelled DNA displayed a significant decrease in cooperativity
(SNF2H n=1.724+0.39 and SNF2L n = 1.72 +0.29) (figure 5.8 C). The higher sensitivity
of the radioactive based assay, with labelled DNA in femto molar concentrations, allowed
the determination of a dissociation constant K, instead of apparent binding constants
Kj/2. Under these conditions, the substrate concentration was 100 to 1000 fold smaller
than the constant derived from the binding curve ([S| <« Kg). Therefore the enzyme
concentration at the point of half maximal binding corresponded to K. The dissociation
constant of SNF2H with K;="7.71£0.39nM was comparable to published values for Ky
SNF2H = 1.5nM [Aalfs et al., 2001|. For both, SNF2H and SNF2L, the interaction with
the core histones has a major impact on the cooperativity of the binding process.
Binding of one SNF2L molecule to a nucleosomal entry/exit side, is a triggering signal
for binding of next remodeler molecules. This coordinanted binding led to formation
of defined complexes. In presence of only one DNA overhang, SNF2L was not able to
bind to both strands of linker DNA at the entry/exit sites, suggesting a defined binding
site relative to the nucleosome (see also figure 6.1 in the discussion). Binding of the
first SNF2H complex recruited further enzyme molecules, but they did not form defined
complexes, like it was the case for SNF2L. This symmetry dependent complex formation
seemed not to influence cooperative substrate binding, because Hill coefficients of both

enzymes did not significantly change when substrate symmetry was altered.
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Figure 5.6: Binding of SNF2H and SNF2L to 77-NPS1-77 mono-nucleosomes
(A) 77-NPS1-77 mono-nucleosomes (150 nM) with 77 bp of free linker DNA were incubated with
rising amounts of SNF2H (0, 50, 100, 200, 300, 400, 500, 600, 800 and 1000 nM, lanes 1-10)
and enzyme-substrate-binding was analyzed in a band shift assay on 4.5% native PAA gels.
The curve in the lower panel shows the signal intensities of the substrate as a function of the
remodeler concentration. Function was fitted using the general equation for cooperative binding
(see method), and Hill coefficient for SNF2H was n = 9.5 £4.0 with a half maximal binding K/,
at 527+ 26 nM.

(B) Binding of SNF2L (0, 50, 100, 200, 300, 400, 500, 600, 800 and 1000 nM, lanes 1-10) to
77-NPS1-77 nucleosomes. Hill coefficient for SNF2L was n=3.6 + 0.5 and K5 308 & 12nM for
SNF2L. Intermediate complexes formed by remodeler and nucleosomes are highlighted by arrows.
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Figure 5.7: Binding to 40-NPS1-40 or 22-NPS1-22 mono-nucleosomes

(A) 150nM 40-NPS1-40 mono-nucleosomes were incubated with 0, 50, 100, 200, 300, 400, 500,
600, 800 and 1000 nM of SNF2H (lanes 1-10). Formation of stable enzyme-substrate-complexes
was analyzed on a 4.5 % native PAA gel. The curve shows the signal intensities of the substrate as
a function of the remodeler concentration. Function was fitted (see method), and Hill coefficient
for SNF2H n= 7.2+ 1.6 with a half maximal binding K, /o at 6474+ 28 nM was determined.
(B) Binding of SNF2L as described in (A), with n=2.4+0.3 and K/, 238 + 13nM.

(C) Binding of SNF2H to 22-NPS1-22 mono-nucleosomes as described in (A). n=7.14+1.0 and
Ky /2 at 638 £ 16 nM. (D) SNF2L and 22-NPS1-22 nucleosomes as described in (A). n=3.6 £0.5
and Kj/p 471 £ 21 nM. Intermediate complexes are highlighted by arrows.
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Figure 5.8: Binding to asymmetric mono-nucleosomes and free DNA

(A) 20nM 6-NPS1-47 substrate, with an asymmetrically positioned nucleosome, was incubated
with 0, 50, 100, 200, 300, 400, 500, 600, 800 and 1000 nM of SNF2H (lanes 1-10) and subsequently
analyzed on 4.5% native PAA gel. 5‘“end of the 47bp DNA overhang was labelled by Cy5
fluorescent dye. Fluorescent signals were plotted as a function of the remodeler concentration,
fitted by general equation for cooperative binding. Hill coefficient for SNF2H n=7.3 £ 1.2 and
a half maximal binding K/, = 3044+ 6 nM was determined.

(B) Binding of SNF2L according to (A). Hill coefficient was n=2.440.6 and K/ 205+ 21 nM.
(C) Binding of SNF2H (empty circles) and SNF2L (black circles) to free DNA. 77-NPS1-77 DNA
was radioactively labelled and binding was quantified and normalized. Data were fitted and Hill
coefficients were n=1.7+ 0.4 for SNF2H and n=1.7+ 0.3 for SNF2L. Dissociation constant of
SNF2H were K4 ="7.7+1.2nM and for SNF2L K;=3.9+0.4nM.
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5.1.5 Competitive nucleosome binding

To further explore the structural requirements enabling efficient binding to nucleosomes,
competitive conditions were tested. Equimolar mixtures of nucleosomes with symmetric
linker of varying length (77 bp to 0 bp) were incubated with increasing amounts of SNF2H
and SNF2L.

Under such competitive conditions, SNF2H bound to nucleosomes with long extranu-
cleosomal DNA (77bp) with a higher affinity than to those with medium linker length
(40bp). Comparing lanes 5 and 6 (figure 5.9 A) shows that 40-NPS1-40 nucleosomes
were bound only after almost the whole pool of 77-NPS1-77 was depleted. In contrast,
SNF2L did not discriminate between 77 or 40bp long DNA overhangs (figure 5.9 B).
Both bands, corresponding to free 40-NPS1-40 and 77-NPS1-77, were shifted at compa-
rable remodeler concentrations. Thus SNF2H bound longer flanking DNA with a higher
affinity; in contrast to this, binding of SNF2L was independent of extranucleosomal DNA
length.

To determine the role of the linker DNA in the direct interaction of the ISWI remodeler
to a nucleosome core particle, next nucleosomes with short linker (22-NPS1-22) were
compared to linker-less (0-NPS1-0) nucleosomes in competition with free DNA. The re-
modeling enzymes bound with the highest affinity to free DNA, followed by 22-NPS1-22
nucleosomes. In absence of any flanking DNA, only very weak binding to nucleosome
core particles (0-NPS1-0) was detectable (compare figure 5.9 C middle bands in lane 4
with lanes 7 and 10), for SNF2H also reported by other groups [He et al., 2008]. Under
these conditions, defined complexes of SNF2L and nucleosomes were formed (figure 5.9
C lanes 8-10). These results indicated that enzyme-DNA-interactions via the negatively
charged SLIDE domain have a major impact on substrate binding. As already shown
for yeast ISWI homolog ISW2 for stable binding a stretch of approximately 20 bp long

extranucleosomal DNA is essential [Kagalwala, 2004].
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Figure 5.9: Competitive binding of SNF2H and SNF2L to different substrates
(A) Equal amounts (50nM) of nucleosomes with 40 or 77 bp long linker DNA were incubated
with rising amounts of SNF2H (50 nM steps from 50 to 400 nM, lanes 2-9). Nucleosomes with
77bp DNA overhang were preferentially bound by SNF2H (compare lane 5 with 6).

(B) Binding of SNF2L (50 nM steps from 200 to 550 nM, lanes 2-9) respectively. SNF2L showed
a higher affinity, comparing lane 6 (= 250nM SNF2L) to SNF2H lane 6 panel (A) (= 400 nM
SNF2H). Binding of SNF2L to 40-NPS1-40 and 77-NPS1-77 nucleosomes was comparable (lanes
5 and 6). Enzyme bound nucleosomes were marked by arrows.

(C) Nuclesomes with equal 22 bp short DNA overhangs (22-NPS1-22, lane 3), without extranu-
cleosomal DNA (0-NPS1-0, lane 2), and free 0-NPS1-0 DNA (lane 1) were mixed (100 nM each)
(lane 4). Free DNA was shifting significantly when enzyme concentrations were increased (100,
500 to 1000 nM), 22-NPS1-22 nucleosomes were bound with lower affinity (compare lane 4 with
6, 7 and 9, 10). Only weak binding to linker free nucleosomes (0-NPS1-0) was detecable.
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5.1.6 Intrinsic oligomerization of human ISWI remodeler

The observed differences in Hill coefficients of n =~ 7 for SNF2H and n ~ 3.5 for SNF2L
(see section 5.1.4) indicated, that upon nucleosome binding conformational changes al-
low additional binding of enzyme molecules. For SNF2H this impaired binding was
more pronounced than in the case of its homolog SNF2L. To gain further insight into
mutlimerization of the remodeling enzymes both proteins were analyzed under native
conditions [Schigger and von Jagow, 1991]. Purified SNF2H and SNF2L separated into
different high molecular weight complexes, but under the used conditions no monomeric
form was detected. Both proteins formed oligomeric complexes. The stoichiometry of
the complexes indicated a mixture of mainly di- and tetramers (figure 5.10), suggesting
that both human ISWI homologs are intrinsically forming oligomers by direct protein-

protein-interaction.
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Figure 5.10: Oligomerization of SNF2H and SNF2L
Analyzing recombinant SNF2H and SNF2L on a native protein PAGE. 1.5 pg of both proteins, a
BSA control and native protein marker were loaded on gradient gel under native conditions and
subsequently silver stained. Sizes of the homo oligomers formed by 127 kDa SNF2H and 126 kDa
SNF2L are indicated by arrows.
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5.1.7 Mono-nucleosome remodeling

As SNF2H showed a higher affinity to long linker DNA compared to SNF2L, next it was
tested whether DNA linker length influenced the outcome and the efficiencies of remod-
eling reactions. Figure 5.5 B already showed that both enzymes were able to translocate
histone octamers from central positions to end positions, when long linker DNA was
present (figure 5.11 A lanes 1-3). Decreasing the length of the extranucleosomal DNA
from 77 bp down to 0 bp, sequentially reduced remodeling activity of SNF2H. Once the
DNA became shorter than 40 bp (compare lanes 4 and 7), almost no remodeling activity
was detected. The fact that SNF2H showed no remodeling activity on linker-free nu-
cleosomes had also been reported by other groups [He et al., 2008]. Strikingly SNF2L
remained active, even on substrates exhibiting no DNA overhang (figure 5.11 A lane 12).
SNF2L dependent remodeling of the nucleosome core particles resulted in the appearance
of a slower migrating nucleoprotein complex, forming a distinct band.

Remodeling experiments with natural DNA sequences revealed further differences in the
positioning pattern. Mono-nucleosomes assembled on a 248 bp long DNA sequence origi-
nated from murine rDNA promoter led to a pattern of repositioned nucleosomes specific
for SNF2H and SNF2L (figure 5.11 B lanes 7-9). The same DNA sequence was inter-
preted differently and guided each human ISWI remodeler to position the nucleosomes
to distinct end-positions. Promoter sequence of the Drosophila hsp70 gene showed also
a distinct positioning pattern after remodeling with both enzymes (figure 5.11 B lanes
10-12). This capability to interpret biologically relevant promoter sequences was already
shown to be specific for remodeler from different subfamilies [Rippe et al., 2007|. The
results presented here suggest, that remodeling activity of SNF2H is not only sequence
specific but highly dependent on length of nucleosomal linker DNA. For the SNF2H con-
taining complex hACF activity as DNA dependent length sensor was already described
[Yang et al., 2006]. Activity of the highly similar remodeling enzyme SNF2L is obviously
independent of extranucleosomal DNA and binding to nucleosomes is also stronger.

To further elucidate the functional differences of SNF2H and SNF2L, a 200bp DNA
fragment with nucleosomes located at two different sites was used. On the 33-NPS1-20
DNA the nucleosomes were centrally positioned with linker DNA shorter than 40 bp. As
already seen in figure 5.11 A, SNF2H was unable to remodel such nucleosomes (compare
figure 5.11 A lane 4 and 7 and B lane 1). Using the terminal positioned nucleosomes with
one longer DNA linker, dramatically increased SNF2H remodeling activity. The enzyme
effectively moved the histone octamers to center of this DNA fragment (figure 5.11 B
lane 4). Such directional movement was shown for hACF to be caused by a reduced

remodeling rate on nucleosomes with 20 bp of flanking DNA [Yang et al., 2006].
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Figure 5.11: Remodeling activity of human ISWI ATPases

(A) 200nM of each centrally NPS1 positioned mono-nucleosome with 77, 40, 22 and 0bp long
linker was incubated with 100 nM remodeler and 2 pM ATP for 90 min. Changed nucleosome
positioning could be followed as change in the electrophoretic mobility on a native 4.5-6 % PAA
gel. With flanking DNA shorter than 40 bp, SNF2H was unable to move the histone octamer
towards the end of the sequence (lanes 7 and 10). SNF2L was still re-positioning nucleosomes
without DNA overhang (lane 12).

(B) 200 bp nucleosomal DNA with asymmetric (6-NPS1-47) or almost symmetric linker DNA
(20-NPS1-33) and natural DNA sequence like murine rDNA promoter (248 bp) or Drosophila
hsp70 promoter (359 bp) were assembled into chromatin and used as remodeling substrates under
the mentioned conditions (A). SNF2H did not move nucleosomes with shorter flanks, like 20 bp
and 33 bp (lane 1), but efficiently moved a nucleosome when 47 bp of flanking DNA were present
at one side (lane 4). The natural promoter sequences showed that hISWI machines are remodeling
not only DNA length dependent, but also sequence dependent. Both machines interpreted the
rDNA sequence and hsp70 promoter differently and established specific positioning patterns
(lane 8 vs 9 and 11 vs 12). Differences in the nucleosome positioning patterns are highlighted by
arrows.
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In the experiments presented here, SNF2H moved asymmetric nucleosomes with one
47bp long DNA overhang efficiently to the center (figure 5.12 A). Once moved to the
center of the nucleosomal DNA, the linker became significantly shorter than 47 base pairs.
Below the minimal length SNF2H needs for successful remodeling, the reaction rate for
nucleosome sliding is highly reduced. Therefore the movement into the reverse direction
from the center to a terminal position was limited. Due of this kinetic discrimination the
central positioned nucleosomes got highly enriched.

In comparison to SNF2H, the remodeling activity of SNF2L was independent of extranu-
cleosomal DNA length. Starting with an asymmetric 6-NPS1-47 substrate SNF2L moved
the nucleosome away from the end (figure 5.12 B). But this motor was also able to cat-
alyze the opposite movement of the histone octamer from the center (33-NPS1-20) to the
end (figure 5.11 B lane 6). No discrimination of nucleosomes with shorter linker DNA was
detectable. SNF2L would continuously remodel nuclesomes with different linker DNA|

forming an equilibrium.
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Figure 5.12: Equilibrium of the remodeling reaction catalyzed by SNF2H and
SNF2L

(A) Asymmetric 6-NPS1-47 nucleosomes were efficiently moved to the center. With a linker

length being below the critical minimum, the reaction rate for sliding back from the center to the

end-position is reduced.

(B) SNF2L moved the nucleosome away from the end. But it was also able to catalyze movement

of the histone octamer from the center (33-NPS1-20) to the end.
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5.1.8 Determination of nucleosome positioning by MNase footprinting

Separating the linker-free 0-NPS1-0 nucleosomes after remodeling by SNF2L (figure 5.1.2
A lane 12) and analyzing the observed pattern allowed an indirect characterization of
the structural changes. In order to determine nucleosome positions more directly and
to address the question whether SNF2L moved the histone octamer over the end of the
DNA, MNase foot printing experiments were performed.

As illustrated in figure 5.13 A and B, 0-NPS1-0 nucleosomes were incubated in a remod-
eling reaction with identical amounts of SNF2H or SNF2L. The reaction was stopped
after 90 min by adding an excess of short DNA fragments (35bp). Under these compet-
itive conditions, the nucleosomes were released from the enzyme. Subsequently MNase
was added to the nucleosomes and the reaction was stopped after different time points
(30, 60, 2405s) to partially hydrolyse accessible DNA sequences. The histone bound DNA
remained inaccessible to the nuclease. Undigested DNA was isolated after degradation
of all proteins. Size distribution of the fragments was analyzed in high resolution on a
capillary electrophoresis system in our laboratory together with Andreas Fuchs.

This analysis revealed that after remodeling of the linker-less nucleosomes with SNF2L,
a small terminal stretch of DNA was accessible for nuclease cleavage (see black arrows
in figure 5.13 D). Partial MNase digestion led to degradation of this extranucleosomal
NPS1 DNA. In the SNF2L remodeling reaction fragments smaller than the intact NPS1
sequence were detected after 30s of incubation with MNase. This was not the case when
the remodeling reaction was performed with SNF2H (figure 5.13 C). In these samples
only two peaks corresponding to full length NPS1 and the 35bp competitor were de-
tectable.

The presence of 35 bp competitor DNA after 30 and 60 seconds of incubation with MNase
indicated that digestion was still limited under these conditions. Thus the highlighted
signal peak after 60 s digestion of the 0-NPS1-0 nucleosome remodeled by SNF2L in
5.13 D was rather unlikely formed by a MNase artefact, caused by over-digestion of these
nucleosomes. The even distribution of unremodeled and remodeled nucleosomes detected
by the EMSA in 5.13 B are in line with the comparable signal intensities of 0-NPS1-0
full-lenth and truncated DNA after 240 s of digestion in 5.13 D. A more detailed quantita-
tive size measurement of the truncated NPS1 sequence failed. The tested low molecular
weight DNA ladder showed a good separation on the CE capillary. But comparing the
migration time of different NPS1 constructs to marker DNA fragments revealed that
these curved nucleosome postitioning DNA sequences moved slower than estimated from
their linear sequence length. This retardation of nucleosome postitioning DNA sequences

has also been reported for separation on native PAA gels [Lowary and Widom, 1998|.
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Figure 5.13: Analyzing MNase accessibility of 0-NPS1-0 nucleosomes after re-
modeling

(A) 0-NPS1-0 linker-free nucleosomes were incubated with SNF2L and SNF2H in presence of

ATP. Remodeling reaction was stopped by addition of 35 bp long competitor DNA in vast excess

and DNA sequences accessible to MNase were digested. After nuclease reaction proteins were

digested by proteinase K and remaining DNA was precipitated. High resolution analysis of non

digested DNA fragments was done with a capillary electrophoresis (CE).

(B) After nucleosome sliding and addition of competitor DNA part of each sample was analyzed

on a native 6 % PAA gel. Rest of each sample was further processed as described.

(C) MNase digestion was stopped after 30, 60 and 240 s and remaining DNA fragments were

separated on a CE. The relative UV signal at 260 nM was plotted as a function of the retention

time, proportional to the DNA size.

(D) Analysis of SNF2L remodeling end-products. Fragments smaller than 142 bp 0-NPS1-0 DNA

and larger than 35bp competitor were specifically generated by increased MNase accessibility

upon SNF2L incubation and are highlighted by arrows.
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5.1.9 Kinetic analysis of the remodeling reaction

In the course of a remodeling reaction, binding to the substrate is the initial step. The
subsequent nucleosome translocation is an ATP dependent step. In order to gain deeper
insight into the remodeling mechanism of SNF2H and SNF2L and to elucidate the in-
fluence of the substrate affinity on the remodeling activity, kinetic analyses were per-
formed. Taking advantage of the structural changes induced upon nucleosome remod-
eling, a highly senstitve FRET-based method was used. The dynamic binding studies
were done in collaboration with the group of Prof. Dr. Jens Michaelis at the Department
of Chemistry and Biochemistry at the Ludwig-Maximilians-University Munich. FRET
burst experiments and raw data analyses were done by Wolfgang Kiigel.

A nucleosomal DNA encoding the strong NPS1 positioning signal with a 6 bp and 47 bp
linker DNA was labelled with two different fluorescent dyes. These labels were integrated
into the DNA by assembling the 200bp DNA sequence from 10 different overlapping
oligonucleotides (see figure 5.14 A). Two of these oligos were designed to contain an atto
532 and an atto 647 fluorophor covalently linked to a deoxythymidine nucleotide at po-
sition - 64 and + 14 relative to the dyad axis of the 147 bp NPS1 sequence. After several
cycles of annealing and ligation with thermo stable DNA ligase in a ligase chain reaction
(LCR) a 200 bp double stranded DNA sequence was generated. This work was done by
Barbara Treutlein.

Fluorescence resonance energy transfer (FRET) is a distance dependent transfer of exci-
tation from a donor dye to an acceptor molecule. According to the general equation the
transfer efficiency (E) is dependent on the distance of the donor-acceptor-pair (R) and
the Forster distance Ry, indicating the distance at which 50 % of the energy is transferred
[Forster, 1948; Stryer, 1978|.

. 1
E o 1+(R/R0)6

Because FRET is dependent on the inverse sixth power of the distance of donor and
acceptor (R), small structural changes have a huge impact on the FRET efficiency (E)
[Stryer, 1978].

Assembly of this DNA into nucleosomes led to specific three dimensional positioning
of both labels in direct proximity closed to the nucleosomal entry/exit site (see figure
5.14 B). For this distance of 40-45 A, a FRET efficiency from donor to acceptor dye of
90-92 % was estimated. As seen in figure 5.14 C after assembly of the free DNA into
nucleosomes, a high FRET signal was detected specifically for the nucleosomes (compare

lanes 8 and 9).
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When directly measuring the fluorescence of the donor dye by excitation at 532 nm wave-
length and using the corresponding emission filter almost no atto 532 fluorescence was
detectable for the nucleosomes, in contrast to DNA (lanes 4 and 5). The excitation en-
ergy was transferred to the acceptor dye, and after excitation of the atto 647 dye emitted

at the acceptor specific wavelength, longer than the emission filter window.

Upon incubation of these double-labelled nucleosomes with a remodeling enzyme in pres-
ence of ATP the nucleosome was translocated to a central position (see also figure 5.11
B lanes 4-6). As a consequence of this translational movement of the nucleosome the
DNA at label position-64 was no longer part of the nucleosomal core particle. The three
dimensional distance between donor and acceptor dye increased to more than 110 A and
dramatically reduced the FRET efficiency to 0 %.

Following this decrease of FRET efficiency allowed an exact measurement of the re-
modeling reaction kinetics. An example of such a kinetic measurement with SNF2H is
shown in figure 5.15 A. To allow a comparative analysis of the dynamics of SNF2H and
SNF2L, enzyme concentrations were chosen under which both proteins did not form sta-
ble complexes with the nucleosomes (see also figure 5.8 in section 5.1.4). Relative FRET
efficiency of single substrate molecules were measured in diluted solutions as short fluores-
cence bursts when diffusing through a small focal volume. The FRET intensity histogram
of a nucleosome population (28 nM) upon incubation with SNF2H (17 nM) was plotted as
a two dimensional graph. Starting at time point tg, almost all nucleosomes had a FRET
efficiency higher than 0.75 (red). Upon incubation with SNF2H the FRET efficiency de-
creased and a population of nucleosomes with FRET efficiencies smaller than 0.2 raised
(blue). In the upper panel, an integration over the whole time scale for all three FRET
efficiency groups is depicted. As expected, the sum of high FRET and low FRET events
was comparable, while the low populated mean FRET signals did non change. One
reason why the mean FRET intensities did not change could be that these nucleosomes
were not properly assembled and thus not recognized by the enzymes as substrates. The
signals of each group (high, mean and low) were then plotted as a function of reaction
time (figure 5.15 B). Fitting the data with single exponential fits (see method section for
details) allowed to determine the reaction time T;.

Analyzing the reaction time T; in dependency of SNF2H and SNF2L, concentrations re-
vealed differences in nucleosome affinity in presence of ATP. As illustrated in figure 5.15
C T, of SNF2H and SNF2L was first determined for an enzyme-substrate-ratio of 2.5:1.
To exclude effects caused by differences in the fraction of active enzyme, activity was
normalized to these values. Then, the concentration of enzyme was decreased in several
steps (1.0, 0.5, 0.33 and 0.25 compared to the amount used intially).
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Figure 5.14: Assembly of atto 532/atto 647 labelled nucleosomes

(A) Nucleosomal DNA was reconstructed by ligase chain reaction (LCR) using oligonucleotides
and thermostable DNA ligase. In two oligonucleotides of the plus strand a specific deoxythymi-
dine nucleotide was covalently linked to fluorescent dyes. 200bp 6-NPS1-47 DNA with an atto
647 fluorescent label at position - 64 and atto 532 at postion + 14 relative to the dyad axis of the
NPS1 sequence (0) was generated.

(B) Wrapping the DNA around a histone octamer forming a nucleosomes would position atto
532 donor and atto 632 acceptor dye in direct proximity close to the nucleosomal enty/exit site.
(C) 0.5 pg double labelled DNA were mixed with 4.5 pg unlabelled 6-NPS1-47 DNA restriction
digested plasmid (see section 5.1.7). This mixture was assembled into nucleosomes (total DNA
shown in lanes 2 and 3). Fluorescence of the donor dye was shown after excitation with a 532nm
laser (lanes 4 and 5). Acceptor fluorescence of the same gel was demostrated after excitation
with a 635 nm laser in lanes 6 and 7. Using the 532 nm laser for excitation of 532 atto dye and
the 647 atto acceptor fluorescence filter allowed detection of the FRET from donor to acceptor.
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Since not the total enzyme fraction was active, for a complete conversion of the substrate
each enzyme molecule had to remodel more than one nucleosome. Thus several rounds
of substrate binding, nucleosome movement and dissociation of the enzyme-substrate-
complex had to take place (figure 5.15 D). A direct linear correlation of enzyme-substrate-
ratio and the overall reaction time T; could be expected and was plotted in green.

The reduction of the total reaction velocity within the samples remodeled by SNF2L (blue
points) correlated well with the enzyme dilution. All data points for SNF2L reflected
nicely the expected trend plotted in green. The larger values for 1/T; of SNF2H relative
to the expected green line indicated a change in at least one of the binding constants of
SNF2H.

The rate constant of the catalytic reaction k..., could be expected not to be influenced
by the enzyme concentration. Thus the relatively higher reaction velocity observed upon
SNF2H dilution was caused either by an increase in the rate for substrate binding &, or
by an increase in the end-product release rate k,;s. As it was rather unlikely that upon
enzyme dilution the affinity to the substrate would increase, a change in k,r; was most
likely the reason for the deviations observed for SNF2H. Therefore, under the conditions
tested k, ;s was rate limiting for the total reaction and different for SNF2H and SNF2L.
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Figure 5.15: Remodeling kinetics monitored by FRET changes
(A) 2D histogram of FRET efficiency (color scale) measurement with SNF2H (17nM) and 6-
NPS1-47 nucleosomes (28 nM) showing a decrease of the FRET efficiency during remodeling
reaction. The histogram was segmented in three parts, low, medium and high FRET. The
integration on top was done for each segment over the complete measurement time.
(B) Fluorescence bursts (%) of high, medium or low FRET analyzed in time bins of 60 sec over
the total measurement time. Nucleosomes were moved and relative distance of donor and acceptor
dye increased. Intensity of the high FRET fraction (red stars) decreased and simultaneously the
low FRET population (blue circles) increased. The medium FRET fraction stayed constant.
Using single exponentials fits high FRET and low FRET data were fitted (solid lines).
(C) Remodeling speed (1/T;) for SNF2L (blue) and SNF2H (red) as a function of the relative
amount of enzyme in the sample (1, 0.5, 0.33 and 0.25 relative enzyme concentration, compared to
first measurement). To monitor dynamics an enzyme concentration was used under which binding
was transient only, thus a linear dependence of remodeling speed with remodeler concentration
was expected (green line). A deviation corridor based on the standard error of the first data
point is shown by red dashed (SNF2H) and blue doted (SNF2L) lines.
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5.1.10 Binding and remodeling of SNF2H and SNF2L with
poly-nucleosomes

Mono-nucleosomes are the most commonly used substrates for in vitro remodeling exper-
iments. To address the question whether the human ISWI remodeler SNF2H and SNF2L
also bind to the more physiologic arrays of nucleosomes, experiments with circular and
linear chromatin arrays were performed. For binding studies, nucleosomes were assem-
bled by salt dialysis assembly on linearized plasmid DNA (14kb), resulting in arrays
of approximately 85 times repeating nucleosomes (figure 5.4). Binding of SNF2H and
SNF2L to the arrays could be easily monitored by the reduced mobility in the agarose
gel due to the formation of high molecular weight complexes.

The Hill coefficient of SNF2H was comparable to results from the experiment using
mono-nucleosomal fragments 22-NPS1-22 (figure 5.16 B). Strikingly, the at least twofold
differences in the Hill coefficient between SNF2H and SNF2L observed when using mono-
nuclesomal fragments disappeared (n SNF2H 6.8 £2.3 and n SNF2L 6.0+0.8). For
highly cooperative binding of SNF2L interacting to more than one nucleosome in-cis
seemed to be essential, whereas for SNF2H binding to single nucleosomes was sufficient
and not dependent on higher-order chromatin structure.

Testing the remodeling activity of SNF2H and SNF2H on regular, 200 bp spaced nucleo-
somal arrays showed a clear qualtitative shortening of linker DNA length. This effect was
ATP dependent and not caused by solely binding to the chromatin (compare lanes 2, 3
and 4, 5, and 10, 11). For both remodeler, a reduced nuclease accessibility was observed,
thus more MNase was needed to get a clear nucleosomal pattern (compare lanes 3, 5,
6, 11 and 12). The mono- and di-nucleosomal fragments were significantly shorter than
200 and 400bp. The chromatin spacing shrank down to 170 bp upon incubation with
both enzymes and ATP. Nevertheless, quantitative differences in the reactivity on these
poly-nucleosomal substrates could not be excluded, since this analysis only addressed the

qualitative differences at the reaction end-point.
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Figure 5.16: Activity of SNF2H and SNF2L on poly-nucleosomes

(A) An array consisting of 85 repeats of 170 bp spaced nucleosomes was assembled on linearized
14kb plasmid DNA. 3.3nM poly-nucleosomes (= 260 nM mono-nucleosomes) were incubated
with 0, 50, 100, 200 up to 800 nM enzyme (lanes 1-9 and 10-18) and loaded on a TBE-agarose
gel. Hill coefficients for SNF2H n=6.8 £ 2.3 and for SNF2L n=6.0 4+ 0.8 were comparable; half
maximal binding was K;,, =428 +25nM for SNF2H and 275+ 7nM for SNF2L. (B) 24nM
of circular poly-nucleosomes with 200 bp spacing (= 290 nM mono-nucleosomes) were incubated
with 1.5mM ATP and 550 nM Snf2H or SNF2L. Remodeling reaction was stopped with excess
of free DNA, nucleosome spacing was analyzed by MNase with 20 and 60 s digestion time for
lanes 2, 3, 4, 5, 10, 11. MNase concentration was increased 3x and reactions were stopped after
30, 80, 160, 200 s for lanes 6-9, 12-15.
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5.1.11 ATPase activity of SNF2H and SNF2L

For the ISWI class remodeler like dISWI and hSNF2H it was known that they are only
slightly stimulated by free DNA. Under the conditions tested here, SNF2H and SNF2L
hydrolyzed 1-4% of ATP in presence of free DNA (figure 5.17). As shown previously,
addition of nucleosomes with symmetric 77 bp DNA overhangs to the enzymes dramat-
ically increased the ATPase activity of both homologs (see figure 5.5 in section 5.1.3).
To test whether functional differences like linker DNA dependent remodeling are based
on differential ATPase activity, comparative ATP-hydrolysis tests were perfomed. The
enzymes were incubated with a set of qualtitative different nucleosomal substrates and
amount of hydrolyzed ATP was determined after 0, 45 and 90 minutes (figure 5.17 A).
The rate ATP was hydrolyzed by SNF2H did not change significantly in presence of nu-
cleosomes with 77 down to 22 bp linker or poly-nucleosomes (45-48 % ATP hydrolyzed).
The relative increase of the ATPase rate for 0-NPS-0 nucleosomes could be caused by a
systematically higher concentration of this chromatin sample. Because for both enzymes,
same amounts of identical nucleosome samples were used, such errors were eliminated by
normalization of one remodeler to the other.

Reducing the length of linker DNA dramatically decreased ATPase activity of SNF2L
(figure 5.17 B). Normalized to the activity of SNF2H upon incubation of SNF2L, the
hydrolysis rate dropped from 0.88 (77-NPS1-77) twofold to 0.41 (0-NPS1-0) (see figure
5.17 C). Activity in presence of poly-nucleosomes with approximately 23 bp of free linker
DNA, also used for binding (see figure 5.16 A), showed a rate of 0.56 +0.03, which was
within the range of 0 and 22 bp long mono-nucleosomal DNA overhangs. Thus, ATPase
activity was not stimulated on poly-nucleosomes, but mainly driven by length of the
linker DNA. For all chromatin substrates, experiments were repeated as technical dupli-
cates and error bars represent standard deviation.

As shown in figure 5.17 D ATPase activity of SNF2L is dependent on the interaction with
N-terminal tails of histone H4. It was known for dISWI and hSNF2H that binding of
the remodelers to the histone tails via the SANT domains activate the catalytic helicase
domains |Clapier et al., 2002, 2001|. The reduction to basal ATPase activity (below 5 %),
when octamers with a truncated version of H4 lacking the N-terminal tail were assembled
into nucleosomes proofed that interaction with H4-tails was also for activation of SNF2L

essential.

Comparing these results with the remodeling assays (fig 5.11 in section 5.1.7) supported
the idea, that remodeling activity was not directly regulated by the ATPase activity of

this enzyme.
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Although SNF2H was remodeling and binding nucleosomes with longer linker DNA more
efficient than those with short or no linker DNA (figures 5.9 and 5.11), there was no cor-
relation of ATP-hydrolysis rate and nucleosomal linker length. Especially in case of the
22-NPS1-22 and even more striking for 0-NPS1-0, where no remodeling was detectable,
ATPase activity was uncoupled from effective nucleosome sliding. With this substrate
the remodeling machine was wasting energy in a futile reaction, at least under the con-
ditions tested in this in vitro assays.

For SNF2L both processes, ATP hydrolysis and nucleosome translocation, were not un-
coupled. SNF2L showed a reduced ATP consumption when the remodeling activity was
weak, which was the case for the linker-free NPS1 construct. The longer the extranu-
cleosomal DNA was, the better the nucleosomes were remodeled (Fig 5.11 A) and the
more ATP was consumed by SNF2L. This correlation between remodeling and ATPase
activity dependent of overhanging DNA revealed that the ATPase rate of SNF2L is reg-
ulated in dependency of nucleosomal linker DNA length. But for this proteins, binding

to nucleosomes was independent of linker length (figure 5.9).
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Figure 5.17: ATP hydrolysis of both hISWI isoforms stimulated by different
co-substrates
(A) SNF2H (120 nM) was mixed with ATP (5 pM) and 250 nM of free DNA or different mononu-
cleosomes with 0, 22 and 77 bp flanking DNA or comparable amounts of nucleosomes assembled
in an array with 170 bp spacing. Mg?*™ dependent reaction was stopped after 0, 45 and 90 min
by addition of EDTA and radioactive phosphate was separated from unhydrolyzed ATP and
quantified. Relative ATPase activity was calculated by substracting the P; signal at ty from
each data point of a time course series.
(B) Corresponding experiment with the same substrate samples and SNF2L (120 nM).
(C) ATPase activity of SNF2L in presence of each tested substrate was normalized to activity
of SNF2H. Error bars represent s. d. The rate ATP is hydrolyzed by SNF2L decreases when
flanking DNA is shortened; 0.88 £0.02 (77-NPS1-77), 0.78 £ 0.02 (22-NPS1-22) to 0.41 £ 0.07 (0-
NPS1-0). Activity on a nucleosomal array with approximately 23 bp of free linker DNA showed a
rate of 0.56 + 0.03, which in between the values received from 0 and 22 bp long mono-nucleosomal
DNA overhangs.
(D) Activity of SNF2L is dependent on the presence of N-terminal H4-tails. Incubation of SNF2L
with 0-NPS1-0 nucleosomes assembled with octamers with a H4 deletion mutant lacking N-
terminal and instead of wildtype chicken histone octamers significantly reduced ATP-hydrolysis
rate.
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5.1.12 Localization of paralogous remodeler in mouse 3T3 nuclei

The observed differences in binding and remodeling only gave indirect hint on cellular
function in vivo. Therefore both remodeler were expressed in mammalian cells to analyze
sub-cellular distribution. Co-expression of SNF2H and SNF2L tagged with green fluo-
rescent protein (GFP) and the red variant (RFP) allowed a comparative analysis of the
distribution within the same cell. These microscopic studies were done in collaboration
with Fabian Erdel from the laboratory of Dr. Karsten Rippe at the Research Group
Genome Organization € Function at the DKFZ and the BioQuant in Heidelberg.

To exclude a specific impact of the fluorescent protein, SNF2H was first expressed as
a GFP- and a RFP-tagged form in one cell and checked for the nuclear distribution in
mouse 3T3 cells. Figure 5.18 clearly shows no differences in the localization of GFP- or
RFP-tagged SNF2H (A-C). For the comparison of both paralogs GFP-tagged SNF2H
and RFP-tagged SNF2L were co-expressed. The concentration of SNF2H increased with
the DNA and displayed distinct pattern at pericentric heterochromatin foci (figure 5.18
F). This SNF2H enrichment was more pronounced compared to SNF2L, which was more
evenly distributed throughout the nucleus (D). Especially at the nucleolar boundary an
enrichment of SNF2H was detectable. If this observed differences were a direct conse-
quence of binding to nucleosomes at specific chromatin regions, or association to reg-
ulatory subunits, like Acfl of Tip5, or epigenetic marks, e.g. histone modifications,
influenced the distribution observed, remained unclear at this point. But theses results
obtained in vivo provided further evidence for differences between both highly similar
human ISWI remodeler. This underlined the relevance of the differences observed in

vitro.
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Figure 5.18: Subcellular localization of co-expressed GFP-tagged SNF2H and
SNF2L-RFP in mouse 3T3 cells

(A + C) Confocal images of 3T3 cells expressing SNF2H-GFP (A) and SNF2H-RFP (C).

(B) Merge of A and C both pictures is shown.

(D) Localization of SNF2L-GFP after co-expression with SNF2H-RFP.

(F) Distribution of SNF2H-RFP within the same cell shown in D.

(E) Merge of D and F depicted here.

(G) Light transmission picture of the cell shown in D-F.
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5.2 Structural and functional analysis of human chromatin

Epithelia carcinoma cells from the HeLa line were used to analyze the chromatin structure
of human cells. The functional activity of genomic regions is regulated by the structural
organization within the nucleus. Therefore this analysis addressed the question of chro-
matin accessibility linked to gene activity.

In previous studies dealing with the question of global nucleosome positioning and chro-
matin structure [Segal et al., 2006; Miele et al., 2008; Valouev et al., 2008] non-nucleosomal
linker DNA was completely degraded by micrococcal nuclease (MNase) and the remaining
147 bp long mono-nucleosomal DNA fragments were isolated and subsequently analyzed.
Other groups interested in the chromatin architecture extracted nuclei, added limited
amounts of MNase and subsequently characterized relative large chromatin fragments
|Gilbert et al., 2004].

The experimental approach presented here took advantage of the limited fragmentation
of chromatin by MNase in vivo. From these partially digested chromatin samples, mono-
nucleosomal, but also di- and tri-nucleosomal DNA fragments were purified. By using
different amounts of nuclease under limiting conditions, a more detailed view on the
functional nature of the released chromatin fragments should be possible (see also figure
5.19).
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Figure 5.19: Schematic illustration of chromatin accessibility analyzed by dif-
ferential M Nase digest
(A) Within a nucleus, DNA (red) is compacted to different levels. This compaction is dependent
on the activity of the chromatin domains.
(B) By adding detergent to the cells, cytoplasmic and nuclear membranes are permeabilized.
At very low MNase concentrations, only very open structures are cleaved (left panel). If higher
MNase amounts are used, the enzyme can also enter more dense chromatin regions and digest
these domains as well.
(C) MNase digestion is stopped and Proteinase K (PK) and RNase degrade all cellular proteins
and RNA. After isolation of genomic DNA different pools of DNA fragments are expected. At
low nuclease concentrations only a subpopulation is fragmented to small sizes (e.g. 1n, 2n and
3n nucleosomes). With high MNase amounts, most DNA is degraded to smaller fragments while
only few larger fragments are left (thickness of each line corresponds to relative proportion of
these fragment sizes).
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5.2.1 Isolation of chromatin fragments after differential MNase digestion

In order to study nuclear architecture and chromatin compaction mono-, di- and tri-
nucleosomal DNA sequences were released from human chromatin in vivo and subse-
quently purified to high homogenity. Based on the protocols described in the methods

section mono-, di- and tri-nucleosomal DNA was purified from HeLa cells.

5.2.1.1 Fragmentation of human chromatin by MNase in vivo

Amounts of MNase were titrated to optimize chromatin fragmentation within Hela cells.
After adding increasing amounts of nuclease, ranging from 50 to 1000 units, to a fixed
number of cells, an increased fragmentation of chromatin was detected. Partial cleavage
of linker DNA led to formation of a nucleosomal ladder, in which MNase protected

nucleosomal fragments formed distinct DNA bands after deproteinization.

10 kb —
3.0 kb — ==
1.0kb—
0.5kb — <3n
0.3kb— <l2n
0.1 kb — sub-
< nucleosomal

1 2 3 4 5 6 7 8 9 10 N1

Figure 5.20: Differential digestion of HeLa chromatin with increasing amounts
of MNase

For each condition, 2x 107 cells were permeabilized with detergent and 25, 50, 100, 150, 200,
250, 500, and 1000 units of MNase were added (lane 4 -11). Samples were deproteinized and
DNA was purified. Not MNase treated genomic DNA (gDNA) was also isolated and served as
negative control. Because intact gDNA hardly enters agarose gels, the sample was sonicated to
shear gDNA prior loading (lane 2). For each lane 1pg of DNA sample was loaded on a 1.3%
agarose gel.

With 1000 units of MNase the mono-nucleosomal (1n) band was predominant, but also
di- and tri-nucleosomal fragments (2n and 3n) were still present (see figure 5.20 lane 11).

Reducing the amount of MNase to less than 250 units resulted in formation of mainly
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higher molecular weight fragments, larger than 1kb (see figure 5.20 lane 4-8). Thus 250
units of nuclease were used as minimal amount of enzyme needed to release 1n, 2n and
3n nucleosomal DNA fragments (see figure 5.20 lane 9). Within all four lanes from 8- 11
(figure 5.20), DNA fragments shorter than 100 bp were detectable. Since these fragments
were shorter than the 147 bp long mono-nucleosomal fragments, they were referred to sub-
nucleosomal fragments. The release of these small DNA fragments from the chromatin
did not correlate with the amount of MNase used for DNA hydrolysis. While the signal
of the 1n band increased with raising amounts of nuclease, the sub-nucleosomal signal

remained constant.
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5.2.1.2 Purification of nucleosomal DNA from Hela cells

As shown in figure 5.20, addition of 250 and 1000 units MNase to 2x 107 human HeLa
cells led to optimal differential chromatin fragmentation. For further experiments 250
units MNase were used to release chromatin fragments under "low" MNase conditions
and 1000 units for the corresponding "high" MNase setup. DNA fragments were purified
by gel elution after electrophoretic separation on agarose gels (figure 5.21). For the high
MNase samples 1n, 2n and 3n DNA could be purified after separation from a preparative
gel without further treatment.

Because of the very limited digestion under low MNase conditions 1n, 2n and 3n nu-
cleosomal DNA resembled only a small subfraction of total DNA. To avoid overloading
of the preparative agarose gel, smaller nucleosomal DNA fragments were enriched prior
separation. Incubation of the DNA with polyethylene glycol allowed a size selective DNA
precipitation. Adding PEG 8000 to a final concentration of 7% (w/v) to the DNA sam-
ples induced precipitation of all DNA fragments larger than 500 bp. After precipitation
3n, 2n, 1n and sub-nucleosomal DNA was specifically enriched in the supernatant (see
figure 5.21 B lane 2 and 3). Loading this pre-separated DNA samples to preparative
agarose gels allowed good separation and subsequent isolation of each DNA fragment
(see figure 5.21 C). Under these more stringent conditions sub-nucleosomal DNA sepa-
rated into two distinct fragment populations. One fragment pool was smaller than 100 bp
and the other fragments had an average size below 75bp (figure 5.21 C lane 1-3). The
size of 1n nucleosomal DNA was estimated to be approximately 150 bp, whereas 2n and
3n DNA was 350bp and 550 bp long. These isolated nucleosomal DNA samples were

used for further structural and functional analyses.

5.2.2 Localization of purified chromatin fragments within human genome
analyzed by fluorescence in situ hybridization

The first structural analysis using nucleosomal DNA fragments released by different
amounts of MNase was done by fluorescent in situ hybridization (FISH). These experi-
ments were done by Dr. Attila Németh in collaboration with Prof. Dr. Thomas Cremer
at the Department Biology II, Ludwig-Maximilians University Munich.

With a length of approximately 550 bp, 3n nucleosomal DNA could be directly used as
hybridization probes. 3n DNA was specifically fluorescently labelled, 3n low MNase with
FITC and 3n high MNase with Cy3 (see figure 5.22 B) and without further amplification

hybridized to diploid human metaphase chromosomes (2D) as well as fixed nuclei (3D).
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Figure 5.21: Isolation of mono-, di- and tri-nucleosomal DNA
(A) HeLa cells were treated with low and high doses of MNase (250 and 1000 units). Chromatin
was deproteinized and purified DNA was separated on a 1.3 % agarose gel, stained with 0.01 %
SybrSafe. Bands corresponding to mono-, di- and tri-nucleosomal DNA fragments are indicated
by arrows (1n , 2n, and 3n). The sub-nucleosomal DNA is a population of fragments shorter
than 100 bp.
(B) Before quantitative separation of 1n, 2n and 3n nucleosomal DNA under low MNase condi-
tions (lane 2, input) DNA fragments larger than tri-nucleosomes were separated by precipitation
with 7% PEG while shorter DNA remained in the supernatant (lane 3, sn).
(C) Purified nucleosomal DNA after gel elution. Under low MNase condition the sub-nucleosomal
DNA was gel purified and consisted of two distinct fractions. All electrophoretic separations were
done using 1.3 % agarose gels stained with 0.01 % SybrSafe.
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5.2.2.1 Local distribution of 3n nucleosomal DNA on metaphase chromosomes

The local hybridization of 3n chromatin fragments released under low and high MNase
conditions was investigated by 2D FISH to metaphase chromosomes of human diploid
lymphocytes. FITC labelled 3n low MNase DNA was hybridized together with Cy3
labelled 3n high MNase DNA to metaphase spreads of these cells. The total DNA dis-
tribution was visualized by staining with DAPI.

As shown in figure 5.22 C and D, for each signal channel a picture was taken, and a
merge of all three signals allowed a direct comparison. Hybridization of FITC and Cy3
labelled 3n DNA revealed no difference (figure 5.22 C). The low MNase, high MNase and
merge picture displayed a predominant hybridization to centromeres and the juxtacen-
tromeric heterochromatin for different chromosomes. Also some telomeric regions were
highlighted, but less intense. Both, telomeres and cetromeres are rich in repetitve DNA
elements. Even if only a small fraction of the 3n nucleosomal DNA was digested out of
telomeric or centromeric regions, strong signals would be expected due to the repetitive
structure of these chromosome domains.

As displayed in figure 5.22, some 3n DNA was released from these parts of the chromo-
some. Repetitive DNA signals were suppressed by repetitive competitor DNA (Cotl).
In presence of Cotl competitor, specific signals for each 3n probe were detected (figure
5.22 D). Both DNA probes hybridized to different chromosomes and specific regions of
these chromosomes. Even under these competitive conditions, 3n high MNase probes

hybridized to centromeres.

A more detailed analysis is shown in figure 5.23. Centromeres were generally free of 3n
low MNase signals but rich in 3n high MNase staining. Some chromosomes were weakly
stained by FITC labelled probes, but certain acrocentric chromosomes displayed a spe-
cific enrichment for the 3n low MNase signals at the p-arms. In general, both probes
showed a specific hybridization pattern to human chromosomes when repetitive signals
were suppressed. At a higher resolution, the distinct differences became obvious. Strik-
ingly, no hybridization of 3n low MNase probes to the centromeres was detectable, when
comparing the signal in picture E- G. However, they were specifically stained by 3n high
MNase probes.
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Figure 5.22: Preparation of 3n probes and 2D FISH on metaphase spread chro-
mosomes

(A) 3n nucleosomal DNA was purified after treating the cells with low and high doses of MNase.

Purity of each sample was checked on 1.3 % agarose gels.

(B) Purified DNA fragments were fluorescently labelled to generate FISH probes. 3n DNA from

low MNase treated cells was FITC labelled, 3n high MNase was Cy3 labelled. These fluorescent

probes were hybridized to metaphase chromosomes.

(C) Hybridization of 3n probes to human metaphase chromosomes from diploid lymphocytes.

Without Cotl signals from repetitive DNA elements were not suppressed. Left panel displays

hybridization of 3n low MNase probes and right panel shows hybridization of 3n high MNase

probes. The central picture was generated by overlaying all three channels. DAPI staining is

shown in blue, 3n low in green and 3n high in red.

(D) In presence of Cotl DNA, repetitive signals were suppressed and 3n low and high specific

signals can be distinguished.
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Figure 5.23: Identification of 3n low and high specific signals in 2D FISH
(A) Overlay of all three signals shown in B-D. Arrows highlight regions of chromosomes showing
an increased signal for 3n low (green) or 3n high (red). DAPI staining is shown in blue.

(B) DNA staining of diploid human lymphocyte chromosomes with DAPI.

(C) Signal of 3n low MNase probes (green) after hybridization to chromosomes.

(D) 3n high MNase probes (red) hybridized to chromosomes.

(E) Picture of 3n low MNase hybridized to metaphase chromosomes in higher resolution.
(F) Merge of E and G with 3n low signals in green, 3n high in red and DAPI in blue.
(G) 3n high MNase probes as described in E.
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5.2.2.2 Global localization of 3n nucleosomal DNA within human nuclei (3D FISH)

The initial analysis of the two-dimensional distribution of 3n DNA along metaphase
chromosomes displayed clear differences. Therefore in a next step the three-dimensional
localization of these sequences was investigated. The same FITC and Cy3 labelled probes
(section 5.2.2.1) were used for 3D hybridization to fixed human IMR-90 fibroblast-like
cell nuclei. These diploid cells were formaldehyde fixed and stacks of pictures in z-axis
were taken in FITC, Cy3, and DAPI channel (figure 5.24).

Hybridization to intact nuclei underlined the observed differences in the distribution of
the released 3n low and 3n high DNA sequences. The Cy3 high MNase signal was cor-
relating in most regions with the blue DAPI signals. But some areas with a reduced
DNA density also showed a clear high MNase DNA staining, indicating that the probe
was not hybridizing unspecifically or genome wide. The 3n low signal in the FITC chan-
nel displayed an even more specific pattern. Especially figure 5.24 C demonstrates that
only small defined regions of the nucleus were stained by this probe. These signals did
not correlate to DNA density and were hardly co-localizing with 3n high signals in the
Cy3 channel. Under these very limited digestion conditions small, open and therefore
non-heterochromatic domains were released. How far these very early digested accessible
chromatin foci were part of active euchromatin domains remained unclear at this point

of the analysis.
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Figure 5.24: Z-stack projection of 3D FISH with human IMR90 nuclei
(A, E) Overlay of B-D or F-H respectively. (B, F) DNA staining of human IMR90 nuclei
with DAPI. (C, G) Signal of 3n low MNase probes (green) after hybridization. (D, H) 3n high
MNase probes (red) hybridized to nuclei.
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5.2.3 Global accessibility of 3n fragments to chromatin analyzed by
southern blotting

The microscopic results in section 5.2.2 already displayed differences in the genome wide
distribution of 3n DNA fragments. To address the interdependency between chromatin
structure and MNase accessibility more generally, the distribution of these DNA sam-
ples within differentially fragmented genomic DNA was analyzed by southern blotting.
Chromatin from HeLa cells was treated with different amounts of MNase (62.5, 250, 1000
and 2000 U), gel separated and transferred to a membrane. 3n nucleosmal DNA samples

were radioactively labelled with 32P and hybridized to these fragments (figure 5.25).

Untreated genomic DNA was isolated and digested with different restriction endonu-
cleases after purification. These samples were used as controls for specificity of the
hybridization. FcoRI with a 6 bp long and Mspl with a 4 bp recognition sequence gener-
ated specific fragment patterns (figure 5.25 B lane 2 and 3). As indicated in figure 5.25,
nucleosomal bands ranging from 1n up to 7n were detectable in SybrSafe staining after
digestion with 500 (lane 5) and 1000 units MNase (lane 6). The distinct pattern seen
in the FcoRI control after hybridization of the 3n low MNase probe, especially between
500 and 1500 bp, indicated that the signal was probe specific. The general hybridization
pattern was similar to the SybrSafe staining. Slight differences in the intensities of 1n
and 2n nucleosomal DNA in figure 5.25 panel A lane 6 and 7 compared to the signal of
the probe in panel B lane 6 and 7 were detectable. On DNA level, the signal for the
1n fragments was the same or even larger than the one for 2n nucleosomes. In contrast,
the southern blot signal for 2n nucleosomes was more intense than for 1n. This could
indicate that the domains, from which 3n low MNases probes were initially isolated, are

less susceptible to complete hydrolysis down to mono-nucleosomal levels.

Also the 3n high MNase probe hybridized specifically (figure 5.26 lane 1) to the blot.
Again the 1n signal was decreased while the 2n signal was comparable to the DNA stain-
ing. Especially for the larger DNA fragments, no significant differences were detectable.
Inefficient transfer of DNA at the edge of the gel could be one reason why specifically
the most bottom signals were decreased. As already shown in section 5.2.2, differences
between 3n high and 3n low MNase DNA were only detectable, if repetitive signals were
suppressed (see figure 5.22 C and D). In the southern blot experiments shown here, repet-
itive DNA signals were not suppressed. These results gave further hints for the presence

of repetitive genetic elements within the purified chromatin fractions.
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Figure 5.25: Southern blotting of 3n low MNase DNA to partially digested
HeLa DNA
(A) Schematic illustration of the experimental approach. HeLa chromatin is partially digested
with different amounts of MNase in vivo, after deproteinization, DNA is isolated and separated
on agarose gels. Different specific, radioactive DNA probes are hybridized to separated chromatin
fragments.
(B) HeLa cells were permeabilized and chromatin was partially digested with 62.5, 250, 1000
and 2000 U MNase (lane 4-7). DNA was isolated and for each condition 5ug were separated
on a 1.3% agarose gel and subsequently stained with SybrSafe. 1n to 7n nucleosomal bands
are indicated by arrows. Not MNase treated genomic DNA was also isolated and digested with
EcoRI and Mspl after extraction. 5ng of these specifically fragmented DNA samples were used
as positive controls for hybridization (lane 2 and 3).
(C) Autoradiogram of transferred DNA shown in A after hybridization of *>P body-labelled 3n
low MNase probes.
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Figure 5.26: Southern blotting of 3n high MNase DNA to partially digested
HeLa DNA

(A) HeLa cells were permeabilized and chromatin was partially digested with 62.5, 250, 1000
and 2000 U MNase (lane 3-6). DNA was isolated and for each condition 5ng were separated
on a 1.3% agarose gel and subsequently stained with SybrSafe. 1n to 7n nucleosomal bands
are indicated by arrows. Not MNase treated genomic DNA was also isolated and digested with
EcoRI and Mspl after extraction. 5ng of these specifically fragmented DNA samples were used
as hybridization controls in lane 1 and 2.

(B) Autoradiogram of transferred DNA shown in A after hybridization of *?P body-labelled 3n
high MNase probes.
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5.2.4 Distribution of repetitive DNA elements within fragmented Hela
chromatin

The distribution of repetitive DNA sequences within partially digested chromatin was
analyzed also by southern blotting. As already shown in section 5.2.3, differentially
digested chromatin was separated and transferred to a membrane. Genomic HeLa DNA
was digested by sequence specific restriction endonucleases and used as positive control.
Since the 2D FISH experiments without repression of repetitive signals showed a clear
centromeric localization, a 30 bp short centromere specific oligonucleotide was chosen as
first probe. This centromere specific probe was directed against the CENP-B box alphoid
DNA sequence [Matera and Ward, 1992].

Figure 5.27 B lane 2 proved a specific hybridization of the probe to the FcoRI digested
HeLa DNA. When comparing 3n DNA signals after 250 and 1000 units MNase treatment
(figure 5.27 A lane 4 and 5) to the southern blot signal at that size (figure 5.27 B lane
4 and 5), no differences were detectable. Therefore under both digestion conditions, the
same portion of total DNA fragments was released from centromeric regions. Using even
more (lane 6) or less (lane 2) MNase did not lead to a significant enrichment or depletion
of centromeric sequences in the released fragment pool.

Telomeres are also an important heterochromatic domain formed by repetitive sequence
elements. Therefore the same experimental approach was performed with a 42 bp telom-
ere specifc oligonucleotide. The sequence of this probe encoded seven repeats of the 6
bp long telomere sequence motif [Blasco, 2007; Canela et al., 2007]. The Mspl digested
genomic DNA showed a specific hybridzation pattern (figure 5.28 B lane 9). When com-
paring the spacing of bulk chromatin to the pattern observed for centromeric chromatin,
qualitative differences were observable. Nucleosomal bands in the DNA staining in figure
5.28 A showed a clear pattern with sharp bands. The southern blot bands in figure 5.28
B were less defined, and smearing down, compared to blotting of the centromeric probe
in 5.27 B. These broader bands indicated that a fraction of telomeric chromatin had a
closer spacing than the canonical spacing of bulk chromatin, as also seen in earlier studies
[Tommerup et al., 1994].

With respect to the chromatin accessibility, telomeres were not preferentially digested by
low or high doses of MNase, as was also shown before for centromeres. For the differen-
tially digested chromatin samples in lane 3-8, no difference in the global distribution of
DNA staining (figure 5.28 A) and the telomere specific hybridization signal (figure 5.28
B) was detectable.
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Figure 5.27: Southern blot hybridization of a centromere specific probe to par-
tially digested HeLa DNA

(A) 5pg of HeLa DNA isolated after partial digestion with 62.5, 250 1000 and 2000 U MNase
(lane 3-6) were separated on a 1.3% agarose gel and stained with SybrSafe. Lane 2 shows
genomic DNA fragmented specifically with FcoRI used as positive control for hybridization. 1n
to 7n nucleosomal bands are indicated by arrows.

(B) Autoradiogram of transferred DNA shown in A after hybridization of 3?P end-labelled
centromere specific oligonucleotide probe.
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Figure 5.28: Distribution of telomere specific DNA fragments within partially
digested HeLa chromatin

(A) 5pug of HeLa DNA isolated after partial digestion with 62.5, 250 1000, 1000 and 2000 U
MNase (lane 4-8) were separated on a 1.3 % agarose gel and stained with SybrSafe. As controls
5ng genomic DNA fragmented specifically with EcoRI and Mspl were loaded in parallel (lane 2
and 9). 1n to 7n nucleosomal bands are indicated by arrows.

(B) Autoradiogram of transferred DNA shown in A after hybridization of 32P end-labelled
telomere specific oligonucleotide probe.
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Another class of repetitive elements are the Alu sequences. They make up to 10 % of the
human genome [Lander et al., 2001], and their distribution within the fragmented DNA
was analyzed. With a length of 300 base pairs they belong to the short interspersed
elements (SINEs) and are distributed throughout the whole human genome [Batzer and
Deininger, 2002|. Since they were first described as Alul restriction endonuclease sen-
sitive elements, this enzyme was used to specifically digest the genomic DNA for the
positive control. Based on the Alu-subfamily consensus sequence [Batzer and Deininger,
2002|, a 46 bp oligonucleotide probe was synthesized and radioactively labelled. The
hybridization of this probe was specific as the control in lane 2 (figure 5.29) underlined.
DNA staining displayed a major portion of genomic DNA with a median length of 500
bp, while the southern blot gave a signal peak between 200 and 400 bp length, reflecting
the Alu-repeat length (panel A vs. B). The genome wide distribution of these repetitive
elements was also observed when partially digesting the chromatin. A slight increase
of the 1n signal with respect to the 2n signal could be observed when comparing the
blot signal to the DNA staining. For 3n fragments released under high and low MNase
conditions (figure 5.29 lane 5 and 6) the signals for the Alu-repeats reflected the total
DNA distribution. For these highly abundant genomic elements no specific enrichment

within one of the chromatin fractions was detectable.

Because the highly repetitive elements were evenly distributed throughout the fragment
populations, a more specifically localized and less abundant repetitive sequence was tested
for its distribution. The ribosomal DNA of a human cell is arranged in clusters of 43 kb
long tandemly repeated rRNA genes, encoding the 18S, 5.85 and 28S rRNA transcripts.
These clusters are found on the five acrocentric chromosomes 13, 14, 15, 21 and 22.
The reverse complement of a 50 bp long stretch of sequence upstream of the 5’-external
transcribed spacer (5-ETS) was used to generate an end-labelled radioactive probe.
Figure 5.30 B demonstrates that signal intensities obtained from hybridization of end-
labeled probes are too low, if the target sequence is not a highly repetitive DNA element.
To obtain better signal intensities, a longer body-labelled probe containing more than

one radioactive 32P atom per probe-molecule would be necessary.
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Figure 5.29: Distribution of Alu repeats within partially digested HeLa chro-
matin

(A) 5ng of HeLa DNA isolated after partial digestion with 62.5, 250, 1000 and 2000 U MNase
(lane 4-7) were separated on a 1.3 % agarose gel and stained with SybrSafe. Lane 1 and 2 show
5ng genomic DNA digested with Alul and Mspl used as positive controls. 1n to 7n nucleosomal
bands are indicated by arrows.

(B) Autoradiogram of transferred DNA shown in A after hybridization of 32P end-labelled
oligonucleotide specific for Alu repeats.
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Figure 5.30: Southern blot hybridization of a rDNA specific probe to partially
digested HeLa DN A

(A) 5pg of HeLa DNA isolated after partial digestion with 62.5, 250, 1000 and 2000 U MNase
(lane 2-5) were separated on a 1.3 % agarose gel and stained with SybrSafe. Lane 1 shows 5ng
genomic DNA digested with FcoRI used as positive control. 1n to 7n nucleosomal bands are
indicated by arrows.

(B) Autoradiogram of transferred DNA shown in A after hybridization of end-labelled oligonu-
cleotide specific for rDNA 5°ETS leader sequence.
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5.2.5 Methylation of nucleosomal DNA in vivo

DNA methylation is a functional epigentic mark associated with heterochromatin for-
mation. Methylation of CpG dinucleotides regulates gene expression in mammalian
genomes and in general 60-90 % of all CpG sites are methylated [Jeltsch, 2002|. Es-
pecially CpG dinucleotides in repetitive DNA elements of constitutive heterochromatin
are highly methylated [Smit, 1999; Yoder et al., 1997a]. In order to initially test for the
association of differentially digested nucleosomal DNA with heterochromatin, the rela-
tive methylation states were detected using specific antibodies in an ELISA assay. These

experiments were performed in collaboration with Dr. Max Felle at our institute.

A B

™n
o

= 150 T
£ s
g,‘ 1,25 g
[ "1n @ [ ]
8 1,00 € 075 1n
8 8
S 0,75 uon 5 "2n
< 2 0,5

0,50
-.%, "3n § 0.25 "3n
[ - »
° 0,25 i

3
0,00 0
50ng 100ng 50ng 100ng

Figure 5.31: Relative DNA methylation of 1n, 2n and 3n nucleosomal DNA
(A) Methylation of 50 and 100ng of 1n, 2n, 3n nucleosomal DNA, purified after high MNase
treatment, detected by a methylation specific antibody and calorimetrically measured by ELISA
as technical duplicate. (B) Corresponding analysis with low MNase treated 1n, 2n, 3n DNA.

The used methylation specific antibodies allowed a fast and accurate measurement of the
relative DNA methylation. Partial digestion of chromatin allowed an indirect analysis
of the DNA methylation in the linker region. The results in 5.31 demonstrate that
methylation of genomic DNA in HeLa cells is mainly restricted to this nucleosomal linker
DNA. Mono-nucleosmal DNA showed no significant DNA methylation compared to di-
and tri-nucleosomal DNA. The relative methylation signal correlated with the relative
DNA length. Since identical amounts of DNA were used, this increase reflected the larger
amount of linker DNA present in the sample. The effect was seen for 1n, 2n and 3n after
high MNase (A) and low MNases treatment (B). Thus the used approach was suitable
for analyzing DNA methylation in chromatin indirectly. Methylation of high and low
MNase digested DNA sample groups did not differ significantly. For the low MNase
digested samples the signal intensities were slightly smaller, but this reflected rather the

variation between different experiments than a biologically relevant effect.



Chapter 5. Results 133

5.2.6 Transcriptional activity of 3n nucleosomal DNA

As shown by microscopic studies, 3n low MNase DNA resembled a specific fragment
population digested from highly accessible chromatin regions. To gain further insight
into the functional status at these regions, comparative hybridization to ENCODE DNA
microarray was performed. The bioinformatic analysis of the microarray data was done
by our collaboration partner Javier Santoyo-Lopez, PhD, from the laboratory of Joaquin
Dopazo, PhD, at Bioinformatics & Genomics Department Prince Felipe Research Centre
(CIPF) in Valencia, Spain.

H3K4me3 RNAPII

Figure 5.32: Association of 3n low DNA with marks for active euchromatin
Graphical representation of the functional data from the ENCODE microarray. The total num-
bers indicate the quantity of ENCODE regions known to be associated with the H3K4me3 and
RNA Polymerase IT (RNAPII) that were overrepresented within the 3n low DNA compared to
3n high MNase DNA. 21 regions were found to be double positive for both active marks. The
percentages indicate the fraction of those regions from which transcripts were detected.

The hybridization pattern was analyzed and significantly overpresented signal peaks were
compared to other functional data from HeLa S3 cells available for the ENCODE data
set. None of 3n low DNA signals peaks (6492 in total) showed a correlation with the
repressive modifications H3K27me3. 47 ENCODE regions that are known to interact with
the activating H3K4me3 mark and 101 associated with RNA Polymerase IT (RNAPII)
were over-represented within the 3n low MNase DNA sample. Almost half of H3K4me3
positive regions (21) was double positive for both active marks [Consortium et al., 2007].
Transcripts were found from 5% of the RNAPII associated regions. Compared to this,
H3K4me3 positive chromatin domains displayed a higher transcriptional activity, with

26 % for H3K4me3 solely or 21% with RNAPII in addition.
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This correlation was also observed for the technical duplicate, but the total numbers
were smaller. 15 regions were H3K4me3 positive, 70 RNAPII associated and 12 double

positive for both marks.
Therefore a fraction of the 3n DNA fragments isolated after low MNase treatment was

released out of actively transcribed regions.



6 Discussion

6.1 Comparative analysis of human ISWI homologs SNF2H
and SNF2L

6.1.1 Cooperative nucleosome binding of SNF2H and SNF2L

The results presented in chapter 5 section 5.1.4 demonstrated that human ISWI remod-
eler are cooperative chromatin binder. This cooperativity was observed for SNF2H and
SNF2L, but differences in the mechanism of binding were detectable. For all tested mono-
nucleosomal substrates SNF2H acted as a highly cooperative binder, with Hill coefficients
2 to 3 times higher than for SNF2L (7.1-9.5 compared to 2.4-3.6). The cooperativity
was independent of extranucleosomal DNA length or symmetry of the substrate. These
data indicated that binding of the first remodeler molecule was relatively weak, but in-
creased the affinity for the next molecule, thus triggering the binding of further enzyme.
Cooperativity of SNF2L significantly increased and Hill coefficients became similar to
those of SNF2H (6.0 £0.8 or 6.8 4+2.3) when poly-nucleosomes were used as binding
partner. Obviously if interacting with mono-nucleosomes, SNF2L was binding less coop-
erative. The interaction to more than one single nucleosome in cis seemed to be crucial
for cooperative binding.

If these changes in the affinity were mediated by direct protein-protein contacts between
two ISWI remodeler, or a consequence of conformational changes in the nucleosome,
induced upon binding of the first enzyme molecule remained unclear. Analysis of the
protein-protein-interaction of SNF2H or SNF2L respectively revealed, that under native
conditions, in absence of DNA or nucleosomes, both homologs intrinsically form di- and
tetramers. Based on the results in chapter 5 section 5.1.6, almost all SNF2H and SNF2L
molecules are present as oligomers, since no monomeric protein was detectable. For ISWI
class remodeler it had been proposed, that the enzymatically active units are formed by
protein dimers [Strohner et al., 2005; Racki and Narlikar, 2008|, but conclusive experi-
mental evidence for this idea was missing yet.

This strong tendency for protein-protein interaction could indicate, that binding to a

nucleosome is further impairing these protein-protein-interactions.
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But still, conformational changes at the nucleosome can not be ruled out as the driving
force of cooperativity.

In contrast to these findings, binding to DNA was only weakly cooperative and both
enzymes showed a Hill coefficient of n = 1.72. DNA binding was known to be mediated
by the positively charged SLIDE domain [Griine et al., 2003]. Obviously these interac-
tions alone were not sufficient to allow binding of multiple active remodeler units. For
recruitment of further enzyme molecules, facilitating cooperative binding, the interaction
to core histones obviously is crucial.

Recently also another group found evidence for cooperative nucleosome binding by hSNF2H
|[Racki et al., 2009]. The apparent binding constant reported there, using Cy3 labelled
mono-nucleosomes with one asymmetric 40 bp linker DNA, was K/, = 633 £48nM.
This result is comparable to Ky, = 306 6 nM for the corresponding experiment shown
here in section 5.1.4 figure 5.8 with 6-NPS1-47 nucleosomes. Strikingly, the cooperativity
observed was relatively weak with n = 1.8 £0.12 compared to n = 7.3 £ 1.2 in the exper-
iment presented here. This deviation could be caused by differences in the experimental
approaches. Those published data were based on the increase of fluorescence upon bind-
ing of SNF2H to the labelled nucleosome. Thus binding of SNF2H was only detected, if
the fluorophor was also interacting. Since only the short linker of the nucleosmal DNA
was Cy3 labelled, possibly the binding data based on this approach showed a selectiv-
ity for binding events at certain sites of the nucleosome. The band shift experiments in
section 5.1.4 detect nucleosome binding in general, limited only by the substrate-enzyme-
complex stability. As a consequence no discrimination or overrepresentation of binding
events at specific sites occurred. The low values for the cooperativity could implicate
that with the used system, only certain cooperative binding steps are detected, which
are not reflecting the complete process leading to full nucleosome binding seen in band

shift experiments.
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6.1.2 Affinity of human ISWI remodeler to chromatin

SNF2H and SNF2L differed qualitatively in the way they bound to nucleosomes and quan-
titatively in the affinity to these substrates. For all tested substrates, mono-nucleosomes
and poly-nucleosomes, SNF2L showed a higher affinity to chromatin, as reflected by the
relatively smaller values for K; /5 compared to SNF2H.

The competitive binding experiments further revealed that the affinity of SNF2H to nu-
cleosomes is enhanced with increasing linker DNA. In comparison SNF2L was binding
independent of DNA linker length. When analyzing binding of SNF2H and SNF2L to
mono-nucleosomes in competition with free DNA, the DNA was preferentially bound. For
the yeast ISWI family member ISW2 it was published, that a 20 bp long extranucleoso-
mal DNA is essential for stable binding [Kagalwala, 2004]. The data shown here indicate
that this was also the case for human ISWI remodeler. Binding of these remodeler to
nucleosomes is mainly stabilized by interaction to the free linker DNA, since nucleosomal
core particle, lacking any linker DNA, hardly form stable complexes [He et al., 2008|.
These differences in the nucleosome affinity were also observed in presence of ATP. As
shown in chapter 5 section 5.1.9, under non binding conditions both enzymes exhibited
differences in the dissociation rate ks for the enzyme-substrate-complex. Upon dilution
korr rate for SNF2H was higher than for SNF2L, indicating less stable interaction with
the remodeled nucleosome, facilitating a faster remodeling of the substrate molecules.
For those mono-nucleosomes with symmetric DNA linker, SNF2L also showed a qual-
itatively different binding. Opposite to its paralog, SNF2L formed well defined stable
substrate-enzyme complexes, detectable as sharp bands in the band shift assays (chapter
5 section 5.1.5). SNF2H formed complexes with the nucleosomes that were inaccessible
to native gels. The specific binding was independent of linker length, but the effect was
lost, if asymmetric nucleosomes were used. Interaction with both linker DNA at the nu-
cleosomal entry/exit site is probably a prerequisite for coordinated binding. In general
binding to nucleosomes with one linker was still possible, but further recruited remodeler
molecules were not properly aligning to the first one, thus binding not orientated (see
figure 6.1). These observed qualitative differences were independent of the exact protein

concentration, thus unbiased by potential variations in the exact protein amounts used.
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Figure 6.1: Binding model of SNF2H and SNF2L to symmetric and asymmetric
mono-nucleosomes

(A) Binding to asymmetric mono-nucleosomes with only one long DNA linker led to formation
of the same complexes of nucleosomes (blue and red) and SNF2H (green) or SNF2L (orange).
The affinity of SNF2H to nucleosomes was weaker.

(B) In Presence of two symmetric linker DNA at the nucleosomal entry and exit site allowed
defined alignment of SNF2L to the nucleosomes. Binding of the first SNF2L complex to linker
DNA at the entry/exit site facilitated further steps of coordinated binding of other SNF2L
molecules.
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6.1.3 Nucleosome remodeling catalyzed by SNF2H and SNF2L

Further functional differences of both remodeling enzymes were observed, when com-
paring catalytic activity. Remodeling assays performed with nucleosomes assembled on
promoter sequences from the rDNA and the hsp70 gene displays nucleosome-positioning
patterns specific for SNF2H and SNF2L (section 5.1.7). For hSNF2H and its ortholog
from Drosophila, ISWI, it was known, that both remodeler interpret sequence/structure
information specifically and establish different nucleosome-positioning patterns on the
hsp70 gene fragment [Rippe et al., 2007]. This functional specialization observed for
orthologous remodeler was also seen for the two human ISWI paralogs.

The interpretation of the artificial nucleosome positioning sequences was comparable.
Both enzymes identified the same signals targeting the nucleosomes to similar regions of
these artificial DNA sequences.

But they clearly differed in the minimal linker length sufficient for nucleosome sliding.
SNF2H required linker DNA longer than 20 bp [He et al., 2006b], like ISWI remodeler
from yeast [Zofall et al., 2004|. Below this minimal linker length SNF2H kinetically
discriminates remodeling of those nucleosomes. It is proposed that by this mechanism
SNF2H acts as a length sensor in chromatin remodeling [Yang et al., 2006]. Here this
length dependent activity was not observed for SNF2L, which was able to translocate
even nucleosomes with no linker DNA. The histone octamer was pushed over the end of
the NPS1 sequence, generating a short stretch of extranucleosomal DNA accessible for
nuclease digestion (see section 5.1.8).

These differences in the minimal linker DNA length also influenced the directionality of
the remodeling reaction. Higher remodeling rates at longer nucleosomal linker guide the
movement of the histone octamer into direction of the longer linker, leading to a more
central positioned nucleosome (see also figure 5.12). If after repositioning, the linker
was shorter than the minimal length, a sliding back in the reverse direction was kineti-
cally disfavoured. On DNA fragments with a linker DNA much longer than the needed
minimum, different translational positions at the centre could be established, since only
movement directly to the edge of the sequence was discriminated. For some artificial
601 based constructs these distinct remodeling intermediates were detected [Yang et al.,

2006] (figure 6.2 A).

Performing a remodeling reaction with the NPS1 based chromatin (section 5.1.7) resulted
in a terminal positioning of the nucleosomes. In this case, the sequence specific position-
ing was even more dominant than the activity as spacing factor. Usage of NPS1 DNA

flanked by natural promoter sequences could explain the different observations (figure



140 6.1. Comparative analysis of human ISWI homologs

A - B -

Y A
—<— —<ED
v
—<O— —<Ow-
v
artificial 601 DNA NPS1 sequences with

promoter DNA flanks

Figure 6.2: Sequence dependent remodeling activity of SNF2H and SNF2L
(A) Remodeling activity of SNF2H on artificial 601 nucleosomes with long linker DNA as de-
scribed [Yang et al., 2006]. DNA ruler activity leads to several remodeling intermediates, if linker
length is longer than the critical minimum. Thus direct terminal positioning is disfavoured by
reduced remodeling rates for this reaction (arrow size indicates activity rate).

(B) In presence of natural DNA motives with specific sequence/structure information in the
linker region (curved line), like the promoter sequences in the NPS1 linker, nucleosome position-
ing by the ISWI remodeling gets specifically directed, also to terminal positions.

6.2). While also sequence specific interpretation of the promoter DNA in the linker was
possible for the NPS1 constructs, this was not the case for the 601 DNA. Experiments
performed with 601 DNA focus on sequence independent activity driven by spatial con-
straints. In combination with natural positioning sequences the DNA specific positioning
proved that beside spatial constraints regarding the linker length also sequence/structure
information were interpreted by the remodeler anchoring the nucleosomes at specific po-

sitions.

6.1.4 ATPase activity of SNF2H and SNF2L

Strikingly the ATPase activity was not correlating with the observed remodeling activ-
ity. Although for SNF2H no remodeling of the linker-less nucleosomes was detectable
the enzyme was hydrolyzing ATP at relative high rates (section 5.1.11). For all tested
nucleosomal substrates SNF2H showed comparable ATPase rates, independent of linker
length, also for poly-nucleosomes. Thus the catalytic activity of the helicase domains

was stimulated in presence of any nucleosomal co-substrate and not regulated in feed-
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back with effective nucleosome sliding. The opposite was the case for SNF2L, where the
ATPase activity level nicely reflected the nucleosomal linker length. Core nucleosomes
lacking any linker stimulated ATPase activity only to half of the level compared to long
linker DNA. This corresponded well to the remodeling activity, since core nucleosomes
were less efficient remodeled than those with long extranucleosomal DNA (section 5.1.7).
In combination with the binding data, which showed that SNF2L does not discriminate
between substrates of different linker DNA length in terms of binding and remodeling,
both isoforms are able to act differentially on substrates of variant structures. As shown
schematically in figure 6.3 both enzymes form regularly spaced chromatin, but their
specificity is regulated at different levels. While for SNF2H affinity to nucleosomes is
dependent on linker length, preferring more open structures, it is impossible for SNF2L
to distinguish the nucleosomal substrate at this step. For SNF2L the nucleosome translo-
cation in the subsequent catalytic step is controlled by regulating the ATPase activity
dependent on the linker DNA. Since SNF2L is more active in presence of longer linker
DNA, the nucleosome movement is directed into the same direction like in the case for
SNF2H. In summary, both enzymes lead to formation of regularly spaced nucleosomal
arrays, at least in vitro. This complementary regulation allows integration of further reg-
ulatory input at specific reaction steps possibly relevant for the more complex situation

N V0.
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Figure 6.3: Activity regulation model for SNF2H and SNF2L

(A) On irregular spaced chromatin, nucleosomes with different linker length compete for remod-
eler binding. SNF2H (blue) binds to nucleosomes with longer linker DNA with a higher affinity,
association rate a > a’. In an ATP-dependent reaction, the remodeler catalyzes a conformational
change (red) leading to a movement of the nucleosome along the DNA. This ATP consuming
reaction is independent of extranucleosomal DNA ¢ = ¢’. In a last step the enzyme dissociates
from the reaction end product d = d’. The association step driving the equilibrium towards the
specific regular spaced product is highlighted in grey.

(B) Binding of SNF2L (blue) is independent of the length of the linker DNA. Association rates
are the same for short and long linker DNA a = a’. The ATP-dependent catalysis step kinetically
controls the position of the reaction equilibrium (highlighted in grey). The longer the extranu-
cleosomal DNA is, the more efficient the nucleosome is remodeled ¢ > ¢’. In a last step the
reaction end product is released by the enzyme d = d’ according to the release model [Rippe
et al., 2007].
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6.1.5 Biological relevance and further perspectives

In mouse 3T3 cells GFP- and RFP-tagged SNF2H displayed a clear nuclear localiza-
tion. At pericentric heterochromatin foci increased remodeler density was detecable (see
section 5.1.12). Such localization at heterochromatic regions was also known for the
SNF2H containing remodeling complex WSTF [Bozhenok et al., 2002]. In contrast to
this, SNF2L did not display such distinct nuclear pattern. This could be a consequence
of recruitment into different remodeling complexes, like the SNF2H specific WSTF com-
plex, or specific binding to distinct chromatin domains.

Nevertheless the observed differences in nuclear distribution further support the biological
relevance of the elucidated functional differences presented in this work. The conditions
used for the molecular in wvitro experiments reflected physiologic conditions regarding
concentration of ATP |Beis and Newsholme, 1975], ionic strength, temperature and also
amount of remodeling enzyme. Recent studies in human U20S cells revealed cellular
concentrations in the higher nano molar range for SNF2H and the catalytically inactive
splice variant SNF2L+-13 |Erdel et al., 2010 in submission]|.

Cooperative binding to DNA is known for transcription factors (e.g. ETS1 and RUNX1)
and suggested to be an important mechanism for transcriptional synergy and the specific
occupancy of these DNA interacting factors [Goetz et al., 2000; Hollenhorst et al., 2009;
He et al., 2009]. The cooperative binding of ISWI remodeler to nucleosomes presented
here indicates, that at least certain remodeling enzymes use comparable regulative mecha-
nisms. Due to the function as chromatin dependent enzymes, this effect is predominantly
seen for the interaction with nucleosomes and hardly with free DNA. In combination with
further activation signals, such cooperative binding could facilitate the rapid structural
change at specific sites within a genome in response to external stimuli.

Comparison of the human ISWI remodeler further revealed that both differ on several
functional levels. Since the catalytic and the substrate binding domains are highly con-
served, the very divergent N-terminal domain could play a role in these processes. An
unknown function as protein-protein-interaction domain or as a substrate binding motif
could be suggested. To elucidate the detailed molecular basis of the revealed functional
differences, experiments with deletion mutants and chimeric proteins with a swapped do-
main structure would be of interest. Whether the observed functional differences reflect
a selective binding to distinct nucleosomal substrates could be further addressed in vivo.
As a first test SNF2H and SNF2L could be tagged and over-expressed in human cells.
A chromatin immunoprecipitation using the protein tag and subsequent hybridization of
the crosslinked DNA to microarrays (ChIP-Chip), or sequencing of the DNA fragments
(Chip-Seq) should gain deeper insights into the substrate specificity of both paralogs.
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6.2 Structural and functional analysis of human chromatin

6.2.1 Isolation of chromatin fragments by differential MNase digestion

Based on the differential digestion of chromatin and subsequent gel purification of the
specific fragments, quantitative amounts of highly pure DNA could be isolated. As
demonstrated in section 5.2.1 (figure 5.20), using optimized amounts of nuclease of mono-,
di- and tri-nucleosomal DNA fragments could be isolated. The size of the DNA fragments
reflected the average length of 47 bp for nucleosomal linker DNA in HelLa cell chromatin
[Lohr et al., 1977].

Under low MNase conditions, also sub-nucleosomal DNA was quantitatively isolated.
Due to the limited size of the fragments, labelling of the samples failed. However, an
efficient method for isolation of these fragments is established now. Therefore, further
efforts should answer the question of the detailed structure of the DNA and whether it
corresponds to non-canonical nucleosomes. The observed fragment size of 100 bp and
75 bp corresponds to the length of DNA that is wrapped around hexamers, that bind
50 bp less DNA than canonical nucleosomes [Hutcheon et al., 1980; Zlatanova et al.,
2009]. Tetrasomes are even smaller, DNA is wrapped in only one helical turn around
the tetramer core |Levchenko et al., 2005; Zlatanova et al., 2009]. Thus non-canonical
nuclesomes could be one reason for the reduced size of DNA fragments compared to the
147 bp mono-nucleosome. A method of choice to analyze the sequence information of
those fragments would be next generation sequencing. The Illumina/Solexa platform
would allow parallel sequencing of millions of DNA molecules. Since in general DNA
fragments shorter than 800 bp are used, for this application the limited length of the

sub-nucleosomal DNA could complicate the analysis here, too.

6.2.2 Local and global distribution of purified chromatin fragments within
the human genome

The specific hybridization of 3n low MNase digested fragments to human chromatin in 2D
and 3D proved the feasibility of this analytical approach. Despite the presence of repeti-
tive DNA elements in both tri-nucleosomal fractions, a specific localization of signals was
detectable for both groups upon suppression of those repeating sequences. The 2D FISH
experiments with metaphase chromosomes revealed that the highly digested 3n samples
displayed clear centromeric signals associated with constitutive heterochromatin, whereas
those regions hardly showed 3n low MNase staining. However, in the three-dimensional

distribution the low MNase samples hybridized to regions of weak DNA density, thus to
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non-heterochromatic regions, whereas 3n high MNase co-localized with DAPI staining
in most areas. These data indicate that limited amounts of MNase preferentially digest
very open chromatin regions, as was already shown for larger chromatin fragments with
MNase and DNasel [Gilbert et al., 2004; Consortium et al., 2007].

6.2.3 Distribution of 3n nucleosomal DNA and repetitive elements within
fragmented HelLa chromatin

If repetitive signals were not suppressed, FISH and southern blotting experiments with 3n
DNA proved that a fraction of both DNA samples was released from repetitive genomic
regions. Approximately 40% of the human genome are composed of repetitive transpos-
able DNA elements [Lander et al., 2001; Biémont and Vieira, 2006]. The southern blot
experiments with probes specific for centromeres and telomeres displayed no enrichment
of DNA from those regions in differentially digested chromatin samples. With respect
to the resolution obtained by the applied method, no differences in the accessibility of
these heterochromatic domains were observed. The digestion rate of Alu repeats was
also comparable to the fragmentation rate of total DNA. As they are highly abundant
and distributed throughout the genome, their distribution reflected overall chromatin
fragmentation. Furthermore the relative methylation level of the nucleosomal fragments
showed comparable CpG dinucleotide modifications for both conditions. This result fits
to observations made for repetitive DNA sequences, since high methylation levels are
known for constitutive heterochromatin formed by those abundant DNA elements, e. g.,
at centromeres and telomeres [Smit, 1999; Yoder et al., 1997a|. This overall methylation
level does not exclude subtle differences in the CpG methylation at functionally important
DNA motives, like promoters, that would have a great impact on the activity of specific
genes. In summary, the low resolution analysis of the overall distribution of repetitive
DNA elements and the relative methylation level indicated that DNA fragments from
heterochromatic regions were not enriched in the high MNase treated samples.

Differences in the methylation levels of nucleosmal DNA correlated with the linker length.
It was shown that methylation of DNA by de novo and maintenance DNA methyltrans-
ferases (DNMT1 and DNMT3a) significantly decreases when DNA is bound by a histone
octamer [Robertson et al., 2004]. Therefore DNMTs are also restricted in their access
to DNA by nucleosomes. The results presented here indicate that also in vivo methyla-
tion of non-nucleosomal linker DNA shows much higher methylation levels, whereas core
nucleosmal DNA stretches are much less modified. As an initial result, the isolation of
nucleosomal sequences with different linker DNA sizes resembles a promising approach

to further study the methylation level and regulation of these accessible regions in vivo.
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6.2.4 Transcriptional activity of the open chromatin fraction

The comparative hybridization to the ENCODE microarray gave further evidence for the
enrichment of open and active euchromatin regions within low MNase treated chromatin
fragments.

Because the ENCODE DNA is complementary to 1 % of the human genome, only a frac-
tion of all 25,000 genes active within a human cell can be detected. Therefore those active
regions detected by this approach resembled only a small representative population of
all active genomic elements. ENCODE regions over-represented in the 3n low MNase
samples were associated with marks of active chromatin, H3K4me3 and RNAPII in this
case. Almost 50 % of all active marks were found at the same regions. Furthermore com-
parison to expression arrays showed that a significant fraction of these genomic segments
is not only in a conformation facilitating transcription, but for 14.3% of those elements
active transcription is shown.

In combination with the 3D-localization of these DNA fragments, these results under-
line that open chromatin regions can be released specifically by limiting amounts of
MNase. This nuclease sensitivity does not only reflect structural arrangements of chro-
matin within the nucleus, but also the transcriptional activity can be displayed by this

approach.

6.2.5 Further perspectives

The initial analysis presented here shows that differential digestion of chromatin in vivo
is a feasible approach to investigate chromatin structure and the functional status of the
released genomic regions.

Based on the established protocol, a more detailed characterization of the chromatin
structure can be done. To overcome the limitation of the DNA microarray, next genera-
tion sequencing would be an interesting approach to further push the project. Based on
the Solexa technology all sequences present in the 3n low MNase sample will be revealed
within a few sequencing reactions, instead of being limited to 1% of the total genome.
Furthermore besides characterization of the HeLa chromatin structure in general, also
questions regarding structural dynamics can be addressed. Therefore manipulation of
nuclear chromatin remodeling machinery and the structural consequences of this can be
analysed. Depletion of endogenous SNF2H by RNAi or overexpression of ectopic re-
modeling enzyme are possible initial experimental steps. Subsequent isolation of open
chromatin regions and hybridization to DNA microarrays or Solexa sequencing should

elucidate the structural and functional consequences of those manipulations.
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7.4 Supplementary Methods

7.4.1 Purification of histone octamers form chicken red blood erythrocytes

Core histone octamers were purified from chicken red blood erythrocytes following the
protocol described here. This work was done in the laboratory by our technical assistance
Regina Grobner-Ferreira.

50 ml blood from adult chicken was centrifuged for 4 min at 3000 rpm in benchtop cen-
trifuge in 50 ml corning tubes. After centrifugation the layer of lipids and the super-
natant was removed and red blood cells were resuspended in wash buffer (140 mM NaCl,
15mM sodium citrate, 10 mM Tris pH 7.5 and 0.25 mM PMSF). Washing steps were re-
peated twice and erythrocytes were resuspended in 10 ml ice cold Buffer A + 0.5 % NP40
(340 mM sucrose, 60 mM KCI, 15mM NaCl, 15mM Tris 7.5, 15 mM BME, 0.5 mM sper-
midine, 0.15 mM spermine, 0.25 mM PMSF). Solution was immediately filtered through
8 layers of Miracloth into a 50 ml conical tube and nuclei were centrifuged for 5 min, at
4°C'" at 3200 rpm in benchtop centrifuge. Supernatant was removed and nuclei pellet was
washed in Buffer A (without NP-40). Washing was repeated until nuclei were white. The
four core histones were purified from nuclei by binding chromatin fragments to hydroxyl
apatite resin, washing away histone H1 with 0.6 M NaCl, and eluting the histones from
the resin-bound DNA at 2.5M NaCl [Workman et al., 1991]. Nuclear pellet contain-
ing 6 mg DNA was resuspended in 25 ml HAP buffer (50 mM sodium phosphate pH 6.8,
0.48 M NaCl, 1 mM 2-mercaptoethanol and 0.5 mM PMSF, 1uM pepstatin A, 1pM leu-
peptin) and gently stirred for 10 min at 4°C'. DNA was sonified using Brandson Sonifier
(Output Control 5, Cycle 40 %) until solution was completely soluable. While stirring
10 g hydroxyl apatite and 50 ml HAP buffer were added and suspension was centrifuged
for 5min at 4500rpm and 4°C. Resin was washed 3x with 80 ml HAP, 5x with 80ml
HAP 0.7M NaCl and 5x eluted with 15ml HAP 2.5 M NaCl. Protein concentration of
fractions was determined by measuring the absorbance at 230 nm. The extinction coeffi-
cient was calculated to be 4.3 Aggp units/mg histones/ml. Histones were concentrated to
2 to 10 mg/ml by dialysis in a 6-8kD MWCO membrane tube against solid PEG 8000;
protease inhibitors were added freshly. Glycerol was added to a final concentration of
50 %. The salt concentration was about 1 M and long term storage was done at - 80°C

(up to several years). Finally the purity of the core histones was analyzed by SDS-PAGE
(17%).
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7.4.2 Analysis of remodeling kinetics by measurement of FRET burst

The dynamic binding studies based on FRET were done in collaboration with the group
of Prof. Dr. Jens Michaelis at the Department of Chemistry and Biochemistry at the

Ludwig-Maximilians-University Munich.

7.4.2.1 Synthesis of atto532 and atto647 double fluorescently labelled nucleosomal
DNA by ligase chain reaction

Design and synthesis of atto532/647 fluorescently labelled NPS1 nucleosomal DNA was
done by Barbara Treutlein from the group of Prof. Dr. Jens Michaelis. Labelled and
unlabelled oligos for DNA syntheses were purchased via IBA BioTAGnology (Géottingen).
The synthesis of 200 bp DNA from 10 oligonucleotides was based on the Ligase Chain
Reaction (LCR) |Barany, 1991| using Taq DNA Ligase (New England Biolabs). 200 nM
of each oligonucleotide were mixed with 20l enzymes in a total volume of 500 nl of 1x
Taq ligase buffer. The LCR was carried out in a MJ Research PTC-100 thermal cycler.
Detailed description of the protocol established by Barbara Treutlein depicted below.

Table 7.2: LCR protocol for ligation of 6-NPS1-47 FRET construct

Step Time Temperature

initial denaturation 2min 94°C

ligation 6 min 65°C 35x
denaturation 30s 94°C

final denaturation 10 min 94°C

final annealing cooling 1°C' / 5 min

In a final step, the raw DNA product was denatured at 94°C for 10 minutes and then
allowed to reconstitute during a slow annealing process of a decrease by 1°C every
5minutes. The crude DNA product was purified by Anion Exchange Chromatography
using a MonoQ 5/50 GL column (Amersham Bioscience, Freiburg) (0.5 ml/min; Buffer
A: 20 mM Tris/HCI pH 8.0, Buffer B: 1 M NaCl, 20 mM Tris/HCI pH 8.0; gradient: 40 % -
100 % Buffer B in 15 CV) followed by Size Exclusion Chromatography using a Superose
6 PC 3.2/30 column (GE Healthcare, Freiburg,) (SEC Buffer: 100mM NaCl, 20 mM
Tris/HCI, 1mM EDTA, pH 8.0). Peak fractions containing target DNA were pooled and
concentrated to approximately 50 pl using MICROCON centrifugal filter devices YM-30
(Millipore, Billerica, USA).
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7.4.2.2 FRET burst analysis

FRET burst experiments and raw data analysis were done by Wolfgang Kiigel from the
group of Prof. Dr. Jens Michaelis. In order to gain real-time kinetic information of nucle-
osome remodeling by SNF2H and SNF2L we performed single-molecule measurements.
Nucleosomes assembled on DNA labelled with an atto532 dye molecule at position + 14
and with an atto647N dye at position - 64 were used. Experiments were performed in
absence of ATP at enzyme concentrations under which most SNF2H /L was not binding
stably to the nucleosomes, to gain information about the influence of binding and un-
binding on the remodeling speed. Due to the high sensitivity of this fluorescent bases
approach and a 1:20 mixture of double labelled and unlabelled 0-NPS1-54 nucleosomes
were used. The total concentration of nucleosomes was 28 nM and remodeler concen-
trations of 17, 23, 34 and 69 nM were used in a buffer containing KCI (4.55 mM), Tris
(20mM), EGTA (0.5mM), MgCly (1.5mM) and 10 % glycerol. Under these conditions
nucleosomes were stable for several hours (data not shown). The confocal measurements
were performed using pulsed interleaved excitation (PIE) [Miiller et al., 2005] of 532 nm
(Pico-TA- Picoquant, power before objective 100 pW) and 640nm (LDH-D-C-640, Pi-
coquant, power before objective 100 nW) at a repetition rate of 26.66 MHz. Fluores-
cence was separated for polarization and color, detected on four avalanche-photo-diodes
(green channel AQRH-14, red channel AQR-16, Perkin Elmer). Photon arrival times
were recorded using four single-photon-counting-modules (Becker&Hickl SPC-150) and
data were processed using custom software written in MATLAB (MathWorks). Data
collection was started 30s after the addition of 430 pM ATP and the collected photons
were sorted into three different channels according to arrival time and detector. An
all photons burst search (APBS) is performed on the photon streams [Nir et al., 2006].
The Stoichiometry (S) and FRET Efficiency (E) are calculated including predetermined
correction factors according to:

E = GR—dexRR—crxGG and S — GR—dexRR—crxGG+vxGG
" GR—dexRR—crxGG+yxGG " GR—dexRR—cr+xGG+vy*GG+RR

Where GR. are the red photons after green excitation, RR are the red photons after
red excitation, GG are the green photons after green excitation, de is the percentage
of direct excitation, cr is the percentage of crosstalk and + is a factor correcting for the
different efficiencies of the red and green detection channels [Lee et al., 2005]. Multi
molecular events were removed from the data as described (see next section) using TDS
< 0.45 and TDSr < 0.5. Remaining donor and acceptor only bursts were removed by a
stoichiometry threshold. The two dimensional histogram of FRET efficiency versus time

was calculated for each measurement and segmented into three parts. Low FRET (0-
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20 % FRET = LF), medium FRET (20-70 % FRET = MF) and high FRET (70-100 %
FRET = HF). The time trace was binned into 60 second intervals and the percentage
of bursts in each of the three FRET areas was calculated for each bin. A global single

exponential fit with

MF = constant,
LF (t) = LF(c0) - C * e 71
and HF (t) = 1 - MF - LF (t)

was performed on the resulting data using a maximum likelihood estimation algorithm.
The extracted remodeling velocity v= 1/T; was plotted versus the relative amount of

remodeler compared to the samples with the highest remodeler concentration.

7.4.2.3 Quality control of the received FRET burst raw data

The following quality criteria and equation were developed by Wolfgang Kiigel. In order
to monitor nucleosome remodeling kinetics by measuring the FRET efficiency of nucleo-
somes diffusing through the focus of a confocal microscope, it was important to achieve
a sufficient time resolution. Therefore, the number of complexes diffusing through the
confocal volume had to be high and with that, the possibility that a multi molecule
event occurs in the measurements was not negligible. For a homogeneous population
with only a single FRET species this was not a problem, however if several FRET states
exist, multi-molecule events of different species would result in false FRET values. In
addition there was also the possibility that impurities such as donor and acceptor only
labelled complexes could be observed at the same time as double labelled complexes
thus falsifying the calculated FRET efficiencies. However, it was very unlikely that two
independently diffusing complexes entered and exited the excitation volume exactly at
the same time. Therefore it was possible to differentiate these multi molecular events
from single molecule events and to exclude them from further analysis. This was done

by calculation of the characteristic Time-Deviation-Signal (TDS):

TDS = ((Dtotar-Dgreen) + |Tiotar - Tgreen|) * (1 - P) + ((Dtotal - Dpret) + | Tiotar - Tpretl)
*P*y(eq. 1)

D, was the burst duration, T, was the mean-macrotime (the time where 50 % of the
respective photons has arrived), v was a factor correcting for the different efficiencies of
the red and green detection channels and P was the proximity ratio given by the number

of photons in the burst as
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_ Nf'ret
P o Nf'ret+Ngreen <eq. 2)

Independently diffusing molecules involved in a multi molecule event would cause a devi-
ation of the mean-macro-time calculated for all photons of a burst and the mean-macro-
time for the individual photons of one color. These burst properties were used to calculate
the TDS for each burst by analyzing the differences between the values calculated from
all photons and the ones calculated for individual channels to exclude an influence of
the respective FRET efficiency. E.g. for a high FRET burst where only very few green

photons are detected a simple green TDS calculated according to
TDSg: ((Dtotal'Dgreen) + |Ttotal - Tgreen|)

would be very noisy due to the poor statistics and did not contain much useful informa-

tion. Accordingly, for low FRET complexes a TDS calculated by

TDSf - ((Dtotal - Dfret) + ‘Ttotal - Tfret‘)

would be noisy due to the fact that in this case only few photons were detected in the red
channel after green excitation. Therefore we computed the TDS of these two channels
simultaneously and adjusted the relative value of the green versus the red TDS according
to the percentage of photons detected.

Equitation (1) is generally applicable to burst analysis data and allowed detection of
almost all cases of bursts containing more than one molecule at a time except multi
molecule events containing low (0%) FRET double labelled and donor only molecule
mixtures. The latter species was identified using an experimental setup that employed
Pulsed Interleaved Excitation (PIE) [Miiller et al., 2005; Lee et al., 2005; Kapanidis
et al., 2005]. With a PIE setup a second criterion using the additional information of red

photons after red excitation could be defined.

TDSred - ((Dtotal - Dred) + |Ttotal - Tred‘)

Here, the number of photons detected in the red channel after red excitation would be
independent of the FRET efficiency. To demonstrate the capabilities of this method,
a sample containing 23-NPS1-67 nucleosomes as well as impurities of donor only and
acceptor only complexes was measured. In order to stress the discussed effects for these
test experiments the concentration of molecules was chosen to be high enough that most
bursts detected showed multi-molecule characteristics (150 pM double labelled nucleo-
somes). Up to now data cleanup was done generally done by selecting bursts through

a stoichiometry criterion [Kapanidis et al., 2004; Lee et al., 2005]. For example in the



Chapter 7. Appendix 155

described experiments histograms would have been calculated from bursts with stoi-
chiometry values between 0.45 and 0.77 (figure 7.1 A) leading to a washed-out FRET
efficiency histogram especially in the medium FRET area and an unnaturally sharp cut
off in the stoichiometry distribution. In comparison using stringent thresholds of TDS <
0.1 and TDS,¢q_pre < 0.1 in the TDS parameter space we receive a clean stoichiometry
distribution showing peaks of distinct FRET efficiencies (figure 7.1 B). In addition the
resulting FRET histogram is almost identical with data measured at far higher dilutions.
While these tests were performed at concentrations higher than normal, such that al-
most 95 % of all bursts are multi molecule events, they nicely visualize the capabilities of
this method. Under regular conditions where only a few percent of all events are multi-
molecular the appropriate TDS thresholds are determined by iterative optimization of
Stoichiometry /TDSx and Efficiency /TDSx plots.
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Figure 7.1: Quality criteria for FRET burst analyses
(A) Two dimensional plot of stoichiometry versus efficiency showing all bursts (blue) of 23-
NPS1-67 nucleosomes containing donor and acceptor only impurities. Labels were positioned
at the same sites used for the 0-NPS1-54 construct. Bursts within a limited stoichiometry area
(S = 0.45-0.77) that would have previously been selected for data analysis were used for one
dimensional projections of FRET efficiency (top) and stoichiometry (right) are highlighted in
red.
(B) Two dimensional stoichiometry versus efficiency plot of the same dataset showing only bursts
with TDS and TDS,..q_ prg smaller than 0.1.
(C) Schematic representation of the definition of duration and mean-macro-time in case of a
theoretical multi molecule event containing a donor only and a double labelled high FRET
species.
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7.5 Sequences

7.5.1 NPS1 DNA sequence

gatcttttgaggteeggttettttegttatggggtcatatgtttgggecacctecccatggtatgactteccaggtatggateccagaateetggtg
ctgaggctgetcaattggttgtagecaagetctageactgettaaatgeatgtacgegeggtecectgtgttttaactgecaaggggattactee
ctagtctccaggeatgtgtcagatatatacagetagetagecaaagaaaactcgagaaatttctettaaggecgttattctetagattegttttgt
gactcteectctetgtactaa

7.5.2 N-Hisg-SNF2H amino acid sequence

N-terminal tag and linker is printed in bold:
msyyhhhhhhdydipttenlyfqgitslykkagslkepiqstgsssaaepppppppesapskpaasiasggsnssnkggpegv
aaqavasavsagpadaemeeifddaspgkqgkeigepdptyeekmqtdranrfeyllkqtelfahfigpaagktptsplkmkpgrprikkde
kqnllsvgdyrhrrteqeedeelltesskatnvetrfedspsyvkwgklrdyqvrglnwlislyengingilademglgktlqtisllgymkhyr
nipgphmvlvpkstlhnwmsefkrwvptlrsvcligdkeqraafvrdvllpgewdvevtsyemlikeksvikkfnwrylvideahriknek
sklseivrefkttnrllltgtplqnnlhelwslinfllpdvinsaddfdswfdtnnclgdgklverlhmvlrpfllrrikadvekslppkkevkiyv
glskmqrewytrilmkdidilnsagkmdkmrllnilmglrkcenhpylfdgaepgppyttdmhlvtnsgkmvvldkllpklkeqgsrvli
fsqmtrvldiledycmwrnyeycrldgqtphderqdsinaynepnstkfvimlstragglginlatadvvilydsdwnpgvdlgamdrah
riggtktvrvirfitdntveeriveraemklrldsiviqqgrlvdgnlnkigkdemlgmirhgathvfaskeseitdedidgilergakktaemn
eklskmgesslrnftmdtessvynfegedyrekqkiaftewieppkrerkanyavdayfrealrvsepkapkaprppkqpnvqdfqffpprl
fellekeilfyrktigykvprnpelpnaaqagkeeqlkideaeslndeeleekeklltqgftnwnkrdfngfikanekwgrddieniarevegkt
peevieysavfwercnelqdiekimaqiergeariqrrisikkaldtkigrykapfhqlrisygtnkgknyteeedrflicmlhklgfdkenvyd
elrqcirnspqfrfdwiiksrtamelqrrentlitlierenmeleekekaekkkrgpkpstqkrkmdgapdgrgrkkklkl

7.5.3 N-Hisg-SNF2L amino acid sequences

N-terminal tag and linker is printed in bold:
msyyhhhhhhdydipttenlyfqgitslykkagslkepiqstgseqdtaavaatvaaadatativviedeqpgpstsqeeg
aaaaateataatekgekkkeknvssfqlklaakapksekemdpeyeekmkadrakrfefllkgtelfahfigpsagksptsplnmklg
rprikkdekgslisagdyrhrrteqeedeellsesrktsnvcirfevspsyvkggplrdyqirglnwlislyengvngilademglgktlqt
iallgylkhyrnipgphmvlvpkstlhnwmnefkrwvpslrvicfvgdkdaraafirdemmpgewdvevtsyemvikeksvikkf
hwrylvideahrikneksklseivrefkstnrllltgtplgnnlhelwallnflipdvinsaddfdswfdtknclgdgklverlhavikpfil
rriktdvekslppkkeikiylglskmqrewytkilmkdidvinssgkmdkmrllnilmglrkcenhpylfdgaepgppyttdehivsn
sgkmvvldkllaklkeqgsrvlifsgmtrlldiledycmwrgyeycrldgqtpheereeaieafnapnsskfifmlstragglginlasad
vvilydsdwnpqvdlqamdrahriggkkpvrvirlitdntveeriveraeiklrldsiviqqgrlidqgsnklakeemlgmirhgathv
faskeseltdedittilergekktaemnerlgkmgesslrnfrmdiegslykfegedyrekqklgmvewieppkrerkanyavdayfr
ealrvsepkipkaprppkqgpnvqdfqffpprlfellekeilyyrktigykvprnpdipnpalaqreeqkkidgaepltpeeteekekllt
qgftnwtkrdfngfikanekygrddidniarevegkspeevmeysavfwercnelqdiekimagqiergeariqrrisikkaldakiary
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kapfhqlrigygtskgknyteeedrflicmlhkmgfdrenvyeelrqevrnapqfrfdwiiksrtamefqrrentlisliekenmeieer
eraekkkratktpmvkfsafs
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