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1 Summary 

Lsh is an essential epigenetic regulator protein and is required for both de novo and 

maintenance DNA methylation (Zhu et al., 2006) (Myant and Stancheva, 2007) (Dunican et 

al., 2015). Lsh deficiency results in perturbed heterochromatin structure, abnormal mitosis 

and de-repression of transcription (Huang, 2004) (Yan et al., 2003b), which is mainly due to 

a severe decrease in DNA methylation levels. Loss of Lsh preferentially reduces DNA 

methylation at repetitive elements (Dennis, 2001) (Geiman et al., 2001), but also at stem cell 

genes  (Xi et al., 2009) and imprinted regions (Fan et al., 2005). Lsh is thus considered as an 

important player in the establishment of transcriptionally inactive chromatin. 

As DNA methylation is repressed by nucleosomes, allowing DNA methylation only in the 

linker regions, DNA in a nucleosomal complex requires active changes in nucleosome 

structure to render DNA accessible for Dnmts (Robertson et al., 2004) (Takeshima et al., 

2006) (Felle et al., 2011a) (Schrader et al., 2015). Due to its conserved ATPase domain and 

its chromatin-specific functions, the Snf2-like family member Lsh (Flaus et al., 2006) is 

supposed to mobilize nucleosomes in an ATP-dependent manner, regulating DNA 

accessibilty and thus DNA methylation. However, its capability to move nucleosomes has not 

been addressed so far. 

Therefore, a detailed characterization of the chromatin remodeling functions of Lsh was 

performed in vitro.  

Gel retardation assays and MST measurements demonstrate a preferred binding to longer 

DNA molecules, a preference in the binding to nucleosomes containing symmetric linkers, 

and reveal cooperative binding. Collectively, the binding assays suggest multimerization 

upon binding to DNA at the entry/exit sites of nucleosomes. This implies the spreading of Lsh 

in a nucleosomal array, probably marking genomic regions by this way in vivo. Despite its 

relationship to chromatin remodeling enzymes, Lsh did not mobilize nucleosomes in vitro. 

In addition, nucleosomes by their own, or in combination with Dnmts, did not stimulate its 

ATPase activity. However, RNA was found to associate with Lsh and to exhibit stimulatory 

effects on Lsh ATPase activity. The RNA-stimulated activity is further enhanced by 

nucleosomes, realizing that RNA-dependent ATPase activity of Lsh works best with arrays. 

Competitive EMSAs show that nucleosomes and RNA occupy the same binding site on Lsh. 

RNA is displaced from Lsh at increased nucleosome concentrations, suggesting dynamic 

binding of substrates that may be required for its ATPase activity. RNA appears to be the 

limiting factor in terms of the activity of Lsh, and the enzyme is probably inactive when it is 

tightly bound to nucleosomes. 
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Moreover, Lsh exhibits increased ATPase activity with complex structured RNAs, indicating 

that the ATPase activity could be stimulated by specific RNAs. 

Besides, the presented work offers data to unveil whether the proposed remodeling 

capability of Lsh could play a role in the interpretation of 5-hmC as an epigenetic mark (Shen 

and Zhang, 2013) (Spruijt et al., 2013). The binding affinity of Lsh to 5-hmC modified DNA is 

higher than to unmodified DNA, and the ATPase activity of Lsh is stimulated, yet weakly, by 

hydroxy-methylated dinucleosomes.
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2 Introduction 

2.1 Chromatin structure 

The length and complexity of eukaryotic genomes confronts cells with several constraints, as 

genomic DNA has to be compacted to fit into the nucleus, yet genetic information has to be 

readily accessible. Furthermore, multi-cellular organisms contain a number of widely different 

and specialized cell types, requiring differential gene expression. Cells meet these 

requirements by the assembly of the genome into a structure termed chromatin, which is of 

high plasticity. 

Chromatin consists of DNA, histones and non-histone proteins (Olins and Olins, 2003) and 

presents the substrate for all kinds of DNA-dependent processes, such as the control of gene 

expression, DNA replication, recombination and DNA repair (Felsenfeld et al., 2004) 

(Khorasanizadeh, 2004). Notably, there is evidence that besides DNA and proteins, RNA 

forms an integral component of chromatin regarding chromatin structure and stability 

(Rodríguez-Campos and Azorín, 2007). DNA compaction in chromatin is achieved by the 

folding into several layers of structural hierarchy. The nucleosome core particle (NCP) is the 

universal repeat unit in chromatin with a molecular weight of 210 kilo Dalton (kDa) (Kornberg, 

1974). High-resolution crystal structures revealed that 147 bp of DNA are wrapped around an 

octameric histone core in 1.65 helical turns of a flat left-handed superhelix (Luger et al., 

1997) (Fig 2.1). 

 

 
Fig 2.1: Structure of the nucleosome core particle. 
147 bp of DNA (colored in light blue) are wrapped around the histone octamer in 1.65 turns. The histone octamer 
is composed of two copies of each histone H2A (yellow), H2B (red), H3 (violet) and H4 (green). Histone tails 
protrude from the nucleosome core particle. The red star indicates the site of ubiquitination in yeast (adapted from 
Luger, Current Opinion in Genetics & Development, 2003). 
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Distortion of the DNA is caused by the tight interaction between the rigid framework of the 

histone proteins with the DNA at 14 specific DNA-binding sites (Luger and Richmond, 1998). 

The histone octamer itself is composed of two copies of each of the four canonical histone 

proteins H2A, H2B, H3 and H4 (Luger et al., 1997). The canonical histones are small basic 

proteins (11–16 kDa) that are highly conserved throughout evolution and are made of a 

carboxy-terminal three-helix ‘histone fold’ domain and less structured amino-terminal 

domains, the ‘histone tails’ (Richmond and Davey, 2003) (Luger, 2006). These histone tails 

exhibit numerous lysine, arginine and serine residues, and are targets for post-translational 

modifications. Furthermore, canonical histones in the nucleosome can be exchanged by 

histone variants that either differ in their amino acid sequence or contain a additional protein 

domains or both in comparison to their canonical counterparts. Histone variants are assumed 

to be involved in transcriptional regulation, development and tissue-specific gene expression, 

thus adding an additional layer of plasticity to the epigenetic regulation of chromatin (Weber 

and Henikoff, 2014). 

Eukaryotic DNA is many orders of magnitude longer than the diameter of the nucleus. 

Therefore, DNA has to be compacted in order to fit into the nucleus, which as achieved by 

the folding of chromatin into higher-order structures (Woodcock and Dimitrov, 2001) 

(Woodcock, 2006) (Horn and Peterson, 2002) (Fig 2.2). 
 

 
Fig 2.2: Model of hierarchical levels of DNA compaction. 
A linear DNA molecule (1) is compacted into a nucleosomal array (2). This so-called 10 nm fiber is believed to be 
wound into the 30 nm fiber (3) that is depicted according to the solenoid model. Higher-order chromatin structures 
(4 and 5) contribute to the formation of the highly organized structure of mitotic chromsomes (modified and 
adapted from Felsenfeld and Groudine, Nature, 2003). 
 

The first level of compaction is the 10 nm fiber, a succession of nucleosomes linked by short 

stretches of DNA (15–60 bp) into a flexible chain, also referred to as ‘beads on a string’. The 

second level of organization is the so-called 30 nm fiber that still remains elusive in its 

structure despite of intense work on this topic. Two architectural concepts on how 

nucleosomes are arranged within the 30 nm fiber are under discussion. In the ‘solenoid 

model’, nucleosomes are spiraled into a one-start helix (Robinson and Rhodes, 2006) (Routh 
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et al., 2008), wherein the nucleosomes are gradually coiled around a central axis (6–8 

nucleosomes per turn). The other model proposed a ‘zig-zag’ packaging that features a two-

start helix in which the 10 nm fiber criss-crosses between two helical turns (Dorigo et al., 

2004) (Khorasanizadeh, 2004) (Schalch et al., 2005). 

Very little is known about the compaction of chromatin above the 30 nm fiber. However, 

chromatin is suggested to be further organized into higher-order fiber-like structures that are 

based on fiber-fiber interactions (Li and Reinberg, 2011). 

The highest level of DNA compaction is found during M-phase in the mitotic metaphase 

chromosomes. The metaphase chromosome, condensing chromatin 10.000–20.000 times, 

represents the most consistent higher-order structure of chromatin (Hancock, 2012). 

Conventionally, chromatin can be categorized into two main classes, euchromatin and 

heterochromatin. Heterochromatin is highly condensed, gene-poor, and transcriptionally 

silent, whereas euchromatin is less condensed, gene-rich, and more easily transcribed 

(Huisinga et al., 2006). Heterochromatin can be further classified as constitutive and 

facultative heterochromatin. Constitutive heterochromatin is found at pericentromeric, 

telomeric, and ribosomal regions, and mainly comprises repetitive elements. Constitutive 

heterochromatin is enriched in H3K9me3, primarily set by the histone methyltransferase 

SU(VAR)3-9 and recognized by the H3K9me3-specific binder Heterochromatin Protein 1 

(HP1), recruiting additional chromatin modifiers. By contrast, facultative heterochromatin can 

form anywhere in the nucleus, and its formation is required for mating-type gene silencing in 

budding yeast, and X-chromosome inactivation and developmental progression in 

mammalian cells (Grewal and Jia, 2007) (Craig, 2005) (Saksouk et al., 2015). 

2.2 Histone modifications 

The architecture of chromatin and the activity state of genomic regoins are dynamically 

regulated by mechanisms such as post-translational modifications (PTMs) of histones 

(Vaquero et al., 2003) (Fischle, 2008), the exchange of canonical histones by histone 

variants (Weber and Henikoff, 2014), and ATP-dependent chromatin remodeling (Varga-

Weisz and Becker, 2006). 

The usually unstructured histone tails are the primary target sites for PTMs that are highly 

dynamic and well regulated by specific enzymes (Kouzarides, 2007). The vast variety of 

PTMs and the combinatorial complexity, which generates histone patterns, led to the 

proposal of a so-called ‘histone code’ hypothesis. According to this, a specific combinatorial 

set of histone modifications, either in ‘cis’ (on same tail) or in ‘trans’ (on proximal tails), can 

trigger the recruitment of specific reader or effector proteins (Fischle et al., 2003a) (Strahl 

and Allis, 2000). 
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The defined histone patterns therefore specifically regulate the activity of chromatin regions. 

PTMs of canonical histone proteins include methylation of lysine and arginine residues, 

phosphorylation of serine and threonin residues as well as lysine acetylation and 

ubiquitylation, and also lysine sumoylation (Bönisch et al., 2008) (Cosgrove et al., 2004) 

(Fischle et al., 2003b) (Fig 2.3). 

 
Fig 2.3. Histone modifications involved in chromatin reorganization. 
Histone N-terminal tails are post-translationally modified, and certain combinations of histone modifications 
appear to generate a “histone code” that defines the chromatin state (adapted from Kato et al., IBMS BoneKEy, 
2010). 
 
Methylation of H3K4 is involved in the activation of gene transcription (Santos-Rosa et al., 

2003) (Bannister and Kouzarides, 2005) (Bernstein et al., 2006), whereas methylation of 

H3K9 is associated with heterochromatin formation and transcriptional repression. H3K9m3 

is mainly found in pericentromeric regions, together with mono-methylated H3K27 (Peters et 

al., 2003) (Martens et al., 2005). Yet, H3K9me3 was also detected at certain active genes 

(Margueron and Reinberg, 2010) (Campos and Reinberg, 2009). 

Histone methylation is catalyzed by histone methyltransferases (HMTs), such as SU(VAR)3-

9 or G9a that catalyze the methylation of histone H3 at lysine 9 (Zhang and Reinberg, 2001). 

Demethylation is carried out by histone lysine demethylases (Hoffmann et al., 2012). 

Another well-studied PTM is acetylation of histones, carried out by histone acetyltranferases 

(HAT). This modification is observed at the amino-terminal (N-terminal) domains of all four 

core histones (Vaquero et al., 2003). In general, histone H3 and H4 acetylation is related to 

active gene transcription. Acetyl groups can be removed by histone deacetylases (HDACs) 

(Dovey et al., 2010) (Jacobson et al., 2000), which correlates with transcriptional repression 

(Vaquero et al., 2003). 

Further histone modifications are phosphorylation and ubiquitination. All four nucleosomal 

histone tails contain acceptor sites that can be phosphorylated by a number of protein 

kinases and dephosphorylated by phosphatases. Histone phosphorylation can occur at 

serine, threonine and tyrosine residues (Rossetto et al., 2012). 
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One prominent example of histone phosphorylation is the phosphorylation of the histone 

variant H2A.X, in its phosphorylated form commonly referred to as γH2A.X. Phosphorylation 

of H2A.X plays a major role in DNA damage response and takes place on serine 139 

(Celeste et al., 2003). H2A and H2B are two of the most abundant ubiquitinated proteins in 

the nucleus. Histone ubiquitination plays a role in many processes, including transcription, 

maintenance of chromatin structure, and DNA repair (Cao and Yan, 2012). 

2.3. DNA methylation 

2.3.1 Mammalian DNA methyltransferases 

The mammalian group of DNA methyltransferases (Dnmts) comprises Dnmt1, Dnmt2, 

Dnmt3a, Dnmt3b and Dnmt3L. The Dnmt3 family establishes the initial CpG methylation 

pattern, therefore its members are termed de novo methyltransferases, while Dnmt1 

maintains the methylation pattern during replication (Chen and Li, 2006) and repair 

(Mortusewicz et al., 2005). The Dnmt3 family includes two active de novo Dnmts (Dnmt3a, 

Dnmt3b) and one regulatory factor, the Dnmt3-Like factor (Dnmt3L). DNA methyltransferases 

generally comprise two domains: a conserved catalytic domain in the carboxy-terminal (C-

terminal) part of the protein and a more variable regulatory domain in the N-terminal region 

(Fig 2.4) (for review, see (Denis et al., 2011)). 

 
Fig 2.4: Domain structures of mammalian DNA methyltransferases. 
The mammalian DNA methyltransferases are divided into an N-terminal regulatory domain and a C-terminal 
catalytic domain, with the latter showing strong amino acid sequence homology to prokaryotic DNA 
methyltransferases (conserved catalytic motifs I, IV, VI, IX and X are indicated). Dnmt1: DMAP1 (Dnmt1 
associated protein 1)-binding domain, TS (targeting sequence) domain, Cys-rich region (ATRX type zinc finger, 
mediates DNA-binding), Pb-domain (polybromo-1 protein homologous region containing two BAH domains), KG 
(lysine-glycine) repeats. Dnmt3 family: PWWP domain, ATRX/PHD (cysteine-rich zinc finger domain of the ATRX/ 
plant homeodomain type) (modified and adapted from Ryazanova et al., InTech article, chapter 2: Diverse 
Domains of (Cytosine-5)-DNA Methyltransferases: Structural and Functional Characterization, 2013).  
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2.3.1.1 The maintenance methyltransferase Dnmt1 

Dnmt1 was the first mammalian DNA methyltransferase to be characterized (Bestor et al., 

1988). Enzymatic studies revealed high methylation processivity of hemi-methylated (hm) 

DNA as well as a high preference of Dnmt1 activity towards hm DNA. The activity of Dnmt1 

towards hm DNA is approximately 20–25-fold higher in comparison to its activity towards 

non-methylated DNA (Hermann et al., 2004b) (Bacolla et al., 1999) (Pradhan et al., 1999). 

Taken together, this reflects the role of maintenance methylation in the course of DNA 

replication in vivo (Bestor, 2000). 

Dnmt1 comprises a large N-terminal regulatory domain, linked via a lysine-glycine-rich (KG) 

stretch to the conserved C-terminal catalytic domain (Fig 2.4). The N-terminal domain 

contains a PCNA (Proliferating cell nuclear antigen)-binding domain (Pb-domain), including 

two bromo adjacent homology domains (BAH1 and BAH2) (Goll and Bestor, 2005) (Rottach 

et al., 2009). The Pb-domain is responsible for the interaction with PCNA, which serves as a 

loading platform and processivity factor for proteins contributing to DNA replication and repair 

(Maga and Hubscher, 2003) (Sporbert et al., 2005) (Mortusewicz et al., 2005). The two BAH 

domains are likely involved in protein-protein interactions (Oliver et al., 2005). 

The TS domain of Dnmt1 was identified as the key determinant for dimerization of Dnmt1 in 

a head-to-head orientation (Fellinger et al., 2009). In addition, the TS domain mediates the 

recruitment of Dnmt1 to replication foci through its interaction with the SRA domain of 

UHRF1 (Leonhardt et al., 1992) (Achour et al., 2008). UHRF1 binds preferentially to hm DNA 

(Bostick et al., 2007). In addition, UHRF1 not only increases the accessibility for DNA inside 

the catalytic center of DNMT1 but also determines the specificity of Dnmt1 for hm CpG sites 

(Bashtrykov et al., 2014) (Berkyurek et al., 2014). 

Apart from its association with UHRF1, Dnmt1 is regulated in a tightly cross-linked network of 

interactions, coordinating Dnmt1 methylation activity together with other chromatin 

modifications (Fig 2.5) (for review on Dnmt1 interactions, see (Qin et al., 2014)). 
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Fig 2.5: Overview of Dnmt1 interacting proteins. 
Interacting proteins range from DNA methyltransferases, DNA-binding proteins, chromatin modifiers and 
chromatin-binding proteins to tumor suppressors, cell cycle regulators and transcriptional regulators. Proteins 
involved in the post-translational modification of Dnmt1 are highlighted in green (adapted from Qin et al., Nucleus, 
2011). 
 

Amongst others, Dnmt1 interacts with proteins such as histone methyltransferases, histone 

deacetylases and chromatin remodelers. For instance, Dnmt1 forms a complex with the 

Nucleolar Remodeling Complex (NoRC), Dnmt3b and HDAC1 in order to mediate silencing 

of ribosomal DNA (rDNA) (Zhou and Grummt, 2005). Interestingly, the ATPase subunit of 

NoRC, hSnf2H, increases the binding affinity of DNMT1 to mononucleosomes (Robertson et 

al., 2004), indicating that the interaction with chromatin remodeling factors may help Dnmt1 

to access substrate sites in heterochromatic regions. In addition, Dnmt1 interacts with Lsh, a 

protein required for maintaining DNA methylation in mammals. Lsh is related to the Snf2 

family of chromatin-remodeling ATPases and is suggested to cooperate with Dnmt1, Dnmt3b 

and HDACs in order to establish transcriptional repression (Dennis, 2001) (Myant and 

Stancheva, 2007). Recently, the regulation of Dnmt1 by long non-coding RNAs has been 

demonstrated as well (Di Ruscio et al., 2014). 
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2.3.1.2 The Dnmt3 family 

Both Dnmt3a and Dnmt3b do not exhibit any preference for hemi-methylated DNA in vitro 

and thus have been termed de novo methyltransferases (Okano et al., 1998) (Gowher and 

Jeltsch, 2001) (Suetake et al., 2003). De novo methyltransferase activity exerted by Dnmt3a 

and Dnmt3b was substantiated by in vivo findings. Disruption of the genes for Dnmt3a and 

Dnmt3b blocked de novo methylation in ES cells and early embryos, yet had no effect on the 

maintenance of imprinted methylation patterns (Okano et al., 1999). Furthermore, their 

localization to heterochromatin is not dependent on pre-existing methylation marks 

(Bachman et al., 2001). Dnmt3a and Dnmt3b are highly related proteins, and contain protein 

domains for interactions with chromatin-associated factors. Dnmt3a and Dnmt3b share a 

homologous C-terminal catalytic domain as well as a homologous cysteine-rich region (also 

referred to as ATRX/PHD domain) (Xie et al., 1999) and a PWWP domain (Qiu et al., 2002). 

The PWWP domain exhibits DNA-binding properties (Qiu et al., 2002) (Chen et al., 2004). 

Notably, disruption of the PWWP domain in Dnmt3a and Dnmt3b abolished their association 

with pericentromeric heterochromatin (Chen et al., 2004). The ATRX/PHD domain of these 

two proteins is characterized by a conserved Cys4-HisCys3 zinc-binding motif and is mainly 

found in proteins involved in eukaryotic transcriptional regulation (Hermann et al., 2004a). 

Dnmt3a is known to associate with proteins such as the histone methyltransferases 

SU(VAR)3-9 and SETDB1, the HP1 protein, transcription factors like SALL3, the arginine 

methyltransferase PRMT5, or the chromatin remodelers Brg1 and Lsh (Li et al., 2006) (Fuks 

et al., 2003a) (Shikauchi et al., 2009) (Zhao et al., 2009) (Datta et al., 2005) (Myant and 

Stancheva, 2007). 

Like Dnmt3a, Dnmt3b has been shown to interact with factors involved in gene silencing 

such as SU(VAR)3-9, HDAC1 and 2, HP1 and the chromatin remodeling enzymes hSnf2H 

and Lsh (Lehnertz et al., 2003) (Geiman et al., 2004) (Myant and Stancheva, 2007). 

The third member of the Dnmt3 family, Dnmt3L, lacks some essential catalytic motifs and 

has no methyltransferase activity. However, Dnmt3L serves as a cofactor for Dnmt3a and 

Dnmt3b and stimulates their activity via direct interaction (Hata et al., 2002) (Chedin et al., 

2002) (Suetake et al., 2004) (Jia et al., 2007). 

Several findings indicate complementary functions of Dnmt1 and de novo Dnmts. Whereas 

Dnmt3a and Dnmt3b are involved in maintaining DNA methylation patterns (Chen et al., 

2003) (Rhee et al., 2002), in vitro and in vivo studies provide evidence that Dnmt1 has de 

novo methylation activity (Arand et al., 2012) (Felle et al., 2011b). Furthermore, Dnmt3a 

appears to functionally cooperate with Dnmt1, stimulating methyltransferase activity (Fatemi 

et al., 2002). 
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2.3.2 Reaction mechanism of DNA methyltransferases 

The reaction catalyzed by Dnmts is the conversion of one molecule of S-adenosyl-

methionine (SAM) and an unmethylated cytosine residue within double-stranded DNA to one 

molecule of S-adenosyl-homocysteine (SAH) and a cytosine residue methylated on carbon 

C5 (Fig 2.6). For detailed description of the reaction mechanism, see (Pradhan and Estève, 

2003). In contrast to other eukaryotic Dnmts, the catalytic domain of Dnmt1 is not 

catalytically active by itself but requires allosteric activation by its N-terminal domain (Fatemi 

et al., 2001). 

 

 
Fig 2.6: Schematic representation of the DNA methylation reaction. 
DNA methyltransferases transfer a methyl-group onto carbon C5 of the cytosine residue of the double-stranded 
DNA, by using S-adenosyl-methionine (SAM) as methyl donor. S-adenosyl-homocysteine (SAH) is the cofactor 
product (adapted from Cheng and Blumenthal, Cell, 2008).  
 

As shown for prokaryotic Dnmts, DNA methylation requires the accessibility of the target 

cytosine by a base flipping mechanism, which is also suggested for mammalian Dnmts 

(Huang et al., 2003) (Jia et al., 2007). Indeed, crystal structures of Dnmt1 in a complex with 

DNA revealed a structure with the flipped-out target cytosine anchored within the catalytic 

pocket of Dnmt1 (Song et al., 2012). Initially, base flipping was described for the uracil-DNA 

glycosylase in DNA repair (Jeltsch, 2002), while the SRA domain of UHRF1 was identified as 

the first example of a DNA-binding module that uses this mechanism for sequence-specific 

DNA recognition (Arita et al., 2008) (Hashimoto et al., 2008). 

2.3.3 Biological role of DNA methylation 

DNA methylation has a variety of important functions in mammals such as gene repression, 

control of cellular differentiation and development, preservation of chromosomal integrity, 

parental imprinting and X-chromosome inactivation (Bird, 2002) (Hermann et al., 2004a). 

CpG methylation induces interaction changes between DNA and DNA-binding proteins. 

For instance, binding of transcription factors such as E2F or NFκB can be abolished, 

whereas recruitment of 5-methyl-cytosine-binding proteins (MECPs) that ‘read’ DNA 

methylation patterns, is enhanced. MECPs and Dnmts are associated with HDACs and other 
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factors like chromatin remodelers and histone methyltransferases, in order to induce 

chromatin compaction and stable transcriptional repression (Robertson, 2002) (Fuks et al., 

2003b) (Rountree et al., 2001) (Yang et al., 2015) (Qin et al., 2014). 

The human genome contains approximately 50% of repetitive elements. Of these, about 60% 

are sequences like LINEs, SINEs and IAPs that originate from transposable elements (de 

Koning et al., 2011). Since integration of transposable elements into the genome is a source 

for mutations, their spreading in the genome is inhibited by silencing such regions through 

extensive DNA methylation. In addition, pericentromeric satellite repeats and telomeres are 

highly methylated and densely packaged into heterochromatin, impairing homologous 

recombination events and thus providing chromosomal stability (Smith and Meissner, 2013) 

(Slotkin and Martienssen, 2007). 

Aberrations in DNA methylation play a causal role in a variety of diseases, including defects 

in genome-wide hypo- and hypermethylation of specific CpG islands, as well as loss of 

genomic imprinting. Global DNA hypomethylation, which promotes stimulation of oncogenes 

as well as reactivation of retrotransposons and genomic instability, occurs concomitantly with 

local hypermethylation of tumor suppressor genes and is often found in a significant subset 

of melanomas and colon cancers (Feinberg, 2004). 

Furthermore, DNA methylation has been shown to be involved in ICF (Immunodeficiency, 

Centromeric instability, Facial abnormalities) and the Rett syndrome. ICF is an autosomal 

recessive disease, characterized by hypomethylation of pericentromeric satellite repeats. 

Hypomethylation in ICF is caused by mutations in the DNMT3B gene, negatively affecting 

the activity of the Dnmt3b protein (Moarefi and Chedin, 2011). The Rett syndrome is an X-

chromosomal dominant disease that results from a mutation in the MeCP2 protein 

(Kriaucionis and Bird, 2003).  

Genomic imprinting is a mammalian-specific phenomenon that refers to parental-origin-

dependent mono-allelic expression in spite of identical nucleotide sequences (Li, 2002). The 

existence of genomic imprinting in mammals was proven by the identification of the gene 

Igf2r (Insulin-like growth factor type 2 receptor) and the H19 locus, which both are maternally 

expressed imprinted genes, and by the identification of the Igf2 gene as a paternally 

expressed imprinted gene (Bartolomei et al., 1991) (DeChiara et al., 1991) (Regha et al., 

2006). To date, there are about 150 imprinted genes known in humans and mice. Most 

imprinted genes are found in clusters that include multiple protein-coding mRNAs and at 

least one non-coding RNA. The imprinting mechanism is acting in cis, and imprinted 

expression is controlled by an imprint control element (ICE) that is epigenetically marked by 

DNA methylation, inherited from one parental gamete (Barlow and Bartolomei, 2014) 

(Barbaux et al., 2012). Imprinting defects due to aberrant DNA methylation are found in solid 

tumors in childhood that arise from embryonic tissues. These so-called embryonic tumors, 
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comprising neuroblastoma (NB), Wilms tumor, medulloblastoma (MB), rhabdomyosarcoma 

(RMS) and hepatoblastoma (HB), have been extensively studied in regard to epigenetic 

defects at the Igf2/H19 locus. Interestingly, defective imprinting of Igf2 and thus inappropriate 

activation of the maternal allele of the Igf2 gene are found in about 50% of all Wilms tumors 

(Ogawa et al., 1993) and RMS cases (Zhan et al., 1994) as well as in about 25% of HB 

(Rainier et al., 1995). 

In mammals, genome-wide reprogramming of DNA methylation patterns occurs during germ-

cell development and after fertilization. Typically, a substantial part of the genome is 

demethylated and after some time remethylated, which occurs in a cell- or tissue-specific 

pattern (Morgan et al., 2005). During gametogenesis, primordial germ cells undergo 

demethylation-independent of replication, erasing parental imprinting marks (Abdalla et al., 

2009). In the course of oogenesis and spermatogenesis, maternal and paternal-specific 

genomic imprints are re-established through de novo methylation activities of Dnmt3a and 

Dnmt3b and the associated Dnmt3L protein (Hata et al., 2002) (Kato et al., 2007). 

After zygote formation, the paternal DNA is demethylated. Loss of paternal DNA methylation 

was observed to correlate with a rapid increase in 5-hydroxy-methylcytosine (5-hmC), 5-

formylcytosine (5-fC) and 5-carboxyl-cytosine (5-caC), suggesting active, i. e. Tet-driven 

DNA demethylation (Iqbal et al., 2011) (Inoue et al., 2011) (Inoue and Zhang, 2011)). The 

maternal DNA is demethylated over several cell divisions by the lack of maintenance DNA 

methylation (Frauer et al., 2011) (Hashimoto et al., 2012). 

 

 
Fig 2.7: DNA methylation and demethylation dynamics in pre-implantation embryos. 
Immediately after fertilization, paternal 5-mC is rapidly oxidized by Tets, most probably by Tet3. Oxidized 5-mC 
levels in the paternal genome and 5-mC in the maternal genome are diluted through passive demethylation. After 
implantation, DNA methylation is re-established (modified and adapted from Wu and Zhang, Cell, 2014). 
 

After the paternal and the maternal pronuclei fuse, 5-hmC, 5-fC and 5-caC in sperm-derived 

chromosomes and 5-mC in oocyte-derived chromosomes are lost by passive DNA 

demethylation (Inoue et al., 2011) (Inoue and Zhang, 2011). Yet, several maternally derived 

methylated CpG-rich regions remain fully or partially methylated, including maternal 

imprinting control regions (ICRs) (Smallwood et al., 2011) (Smith et al., 2012). 

Following implantation, embryonic methylation patterns are re-introduced by a wave of de 

novo DNA methylation. Genetic studies on zygote formation revealed that both maintenance 
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and de novo methylation activities are indispensible for the formation of methylation patterns, 

and thus essential for embryonic development (Okano et al., 1999) (Li et al., 1992). 

2.4 DNA demethylation 

2.4.1 Tet mediated DNA demethylation 

2.4.1.1 Tet proteins  

The Ten-eleven-translocation (Tet) family of Fe(II)-2-oxoglutarate-dependent dioxygenases 

were identified as the enzymes that convert 5-mC to 5-hmC (Tahiliani et al., 2009). 

Subsequent studies showed that Tet proteins can further oxidize 5-hmC to 5-fC and 5-caC 

(Ito et al., 2011) (Pfaffeneder et al., 2014). These discoveries contributed to the 

understanding of the molecular mechanisms leading to active DNA demethylation in 

mammals. 

First experiments on Tet proteins revealed that overexpression of Tet1 results in a decrease 

of genomic 5-mC levels, and that recombinant Tet1 protein can oxidize 5-mC to 5-hmC in 

vitro (Tahiliani et al., 2009). A similar enzymatic activity was also demonstrated for Tet2 and 

Tet3, the two other members of the Tet protein family (Ito et al., 2010).  

Structurally, all Tet family members contain a C-terminal catalytic domain, including a 

cysteine-rich (Cys-rich) domain and the double-stranded beta helix (DSBH) domain. In 

addition, the binding sites for the cofactors Fe(II) and 2-oxoglutarate (2-OG) are located in 

the C-terminal catalytic domain (Zhao and Chen, 2013) (Fig 2.8). 

 

 
Fig 2.8: Schematic diagrams of Tet proteins. 
All of the three Tet proteins Tet1, Tet2 and Tet3 have a C-terminal catalytic domain, consisting of a cysteine-rich 
region and the double-stranded beta-helix (DSBH) fold that is characteristic of the 2-oxoglutarate- and Fe(II)-
dependent dioxygenase family. Tet1 and Tet3, but not Tet2, contain an N-terminal CXXC zinc finger domain, 
which is a DNA-binding domain (adapted from Zhao and Chen, Journal of Human Genetics, 2013). 
 

An unstructured region of great variation across Tet family members separates the DSBH 

domain from the Cys-rich domain. In addition, TET1 and a long splicing variant of TET3 

encode a CXXC zinc finger domain at their N-termini (Liu et al., 2013) (Iyer et al., 2009). The 

CXXC domain is present in many chromatin-associated proteins and has a strong preference 

for unmethylated CpGs (Long et al., 2013). Biochemical and structural analyses indicate that 

at least the Tet3 CXXC domain can target unmethylated cytosines within both CpG and non-
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CpG contexts (Xu et al., 2012). Therefore, unlike other CXXC domains that only bind to 

unmethylated CpG sites, CXXC domains of Tet proteins are supposed to be more flexible in 

sequence selectivity and might target the enzyme to its specific genomic site (Zhang et al., 

2010) (Xu et al., 2011) (Xu et al., 2012). 

A recent crystal structure of the Tet2 catalytic domain in complex with DNA revealed insights 

into the mechanism of Tet-driven oxidation of 5-mC. Tet2 specifically recognizes CpG 

dinucleotides, with 5-mC inserted into the catalytic cavity by a base flipping mechanism. 

Since the methyl group is not involved in the Tet2-DNA interaction, the composition of the 

catalytic cavity allows Tet2 to accommodate 5-mC derivatives for further oxidation (Hu et al., 

2013).  

2.4.1.2 Tet mediated active DNA demethylation 

Several mechanisms have been proposed that couple oxidation of 5-mC with base excision 

repair (Fig 2.9). According to the mechanism that is best verified, Tet proteins further oxidize 

5-hmC to generate 5-fC or 5-caC. 5-fC and 5-caC are supposed to be excised by the 

thymine DNA glycosylase (TDG) and replaced by cytosine via base excision repair (BER) 

(He et al., 2011) (Maiti and Drohat, 2011). Another mechanism, yet less well-proven, 

proposes the deamination of 5-hmC to 5-hydroxy-uracil (5-hmU) by the cytidine deaminases 

AID (activation-induced cytidine deaminase) and APOBEC (apolipoprotein B mRNA editing 

enzyme-catalytic polypeptide). Subsequently, 5-hmU could be removed by SMUG1 (single-

strand-selective monofunctional uracil DNA glycosylase 1) or TDG and ultimately replaced by 

cytosine (Guo et al., 2011) (Fig 2.9). In support of such a mechanism, TDG can excise 5-

hmU:G mismatches in vitro. However, arguing against a deamination based mechanism, the 

AID enzyme primarily acts on single-stranded DNA, and APOBEC enzymes display no 

detectable activity on 5-hmC (Nabel et al., 2012). Other mechanisms of demethylation that 

also are less well-established, include decarboxylation of 5-caC (Schiesser et al., 2012) and 

Dnmt mediated removal of the hydroxy-methyl group of 5-hmC (Fig 2.9). Monitoring the 

conversion of 5-hmC to C in a hydrolysis-TLC assay, recombinant Dnmt3a and Dnmt3b but 

not Dnmt1 functioned as 5-hmC-dehydroxy-methylases. However, whether Dnmts 

demethylate in living cells is unknown, and demethylation activity is contradictory to their 

function as methyltransferases. 
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Fig 2.9: Oxidized cytosines and potential active demethylation pathways. 
The cytosine modification pathway starts with Dnmts that catalyze methylation at the C5-position of cytosine. Tet 
proteins subsequently oxidize 5-mC to 5-hmC, 5-fC and 5-caC. 5-fC and 5-caC can be removed by TDG and 
replaced by cytosine via BER. Deamination of 5-hmC leads to the formation of 5-hmU. 5-hmU:G mismatches are 
proposed to be excised by SMUG1 or TDG followed by BER. Other direct mechanisms are less well-established, 
including dehydroxy-methylation by Dnmts or decarboxylation (adapted from Pastor et al., Nature Reviews Mol. 
Cell. Biol., 2013). 
 

2.4.1.3 Tet mediated passive DNA demethylation 

The presence of oxidized 5-mC bases at CpG sites may contribute to passive replication-

dependent loss of 5-mC (Fig 2.10). While there are conflicting results whether UHRF1 can 

specifically recognize hemi-hydroxymethylated CpG sites, Dnmt1 has been shown to 

methylate hemi-hydroxymethylated CpGs less efficiently than hemi-methylated sites in vitro 

(Frauer et al., 2011) (Hashimoto et al., 2012). Thus, Tet proteins may initiate a two-step 

demethylation process in dividing cells: The initial oxidation of 5-mC could be subsequently 

followed by a replication-dependent passive dilution of 5-hmC or potentially 5-fC and 5-caC. 

This mode of DNA demethylation is distinct from simple passive dilution of 5mC, as such a 

oxidation-based loss may be effective even in the presence of functional maintenance 

methylation machinery. 
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Fig 2.10: Passive DNA demethylation after oxidation by Tet proteins. 
A symmetrically methylated CpG sequence is converted during DNA replication into two asymmetrically 
methylated DNA strands. Hemi-methylated CpG sites are recognized by UHRFI, the obligate partner of the 
maintenance DNA methyltransferase Dnmt1, which restores symmetrical methylation. Tet proteins oxidize 
methylated CpG sites (mCG) to generate symmetrically oxidized CpGs (OxCG). During DNA replication, the 
oxidized cytosines may interfere with maintenance methylation by inhibiting UHRF1 binding or Dnmt1 activity. 
Thus, the CpG sites progressively lose methylation through successive DNA replication cycles (modified and 
adapted from Pastor et al., Nature Reviews Mol. Cell. Biol., 2013). 
 

2.5. Chromatin remodeling 

A fluid state of chromatin is necessary to enable DNA-dependent processes. This dynamic 

balance between genome packaging and genome access is enabled by the tight interplay 

between histone and DNA modifying enzymes and ATP-dependent nucleosome remodeling 

enzymes. Remodeling enzymes utilize the energy of ATP hydrolysis to mobilize nucleosome 

(Becker and Hörz, 2002) (Fig 2.11), thereby inhibiting or facilitating the access to DNA for 

regulatory factors. 

	
  
Fig 2.11: Different activities of chromatin remodeling enzymes. 
Remodelers can assist in chromatin assembly and regularly space assembled nucleosomes, generating room for 
additional deposition of histone octamers. Nucleosome sliding (Repositioning) or nucleosome eviction (Ejection) 
of a nucleosome generates access to DNA for a DNA-binding protein (DBP). The same accounts for local 
unwrapping of nucleosomal DNA. 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, or by 
ejection of dimers (modified and adapted from Clapier and Cairns, Annu. Rev. Biochem., 2009). 
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2.5.1 Remodeler families 

Almost all chromatin remodelers are large multi-protein complexes consisting of an ATPase 

subunit and unique regulatory subunits. The human genome encodes for 32 genes of non-

redundant remodeling enyzmes. The combinatorial assembly of several hundred different 

chromatin remodeling complexes further expands their biological specificity (Rippe et al., 

2007) (Ho and Crabtree, 2010). 

All ATP-dependent DNA translocases show two recA-like helicase domains in their active 

center, which as a feature of the helicase-like superfamily 2 (SF2). Based on sequence 

similarity to the Snf2 protein from S. cerevisiae, a number of SF2 members have been 

grouped into the Snf2 family, and 24 distinct subfamilies of the Snf2 family have been 

identified (Flaus et al., 2006) (Fig 2.12). 

 

	
  
Fig 2.12: Snf2 family of ATPases. 
Illustration of the relationship between Snf2 subfamilies based on a HMM (Hidden Markov model) profile for full-
length alignments of the helicase regions of the respective enzymes. Grouping into subfamilies is indicated by 
coloring (modified and adapted from Flaus et al., Nucleic Acid Research, 2006).	
  
 

Although the Snf2 family is a large group of ATP-dependent enzymes, not all members of 

this family are DNA tranlocases. For example, Rad54 and Rad51 promote 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 remodeling activity and participates 

in a number of DNA-mediated processes like transcriptional regulation, DNA repair, 

homologous recombination and chromatin assembly (Lusser and Kadonaga, 2003) (Clapier 

and Cairns, 2009). 
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Apart from the classification based on multiple sequence alignments, the remodeling 

enzymes are also grouped according to domains flanking the catalytic helicase domains. 

Four major classes of chromatin remodeling enzymes can be distinguished: SWI/SNF, CHD, 

INO80 and ISWI (Clapier and Cairns, 2009) (Fig 2.13). According to the subfamily 

classification introduced by Flaus and colleagues (Fig 2.12), the INO80 class is formed by 

subfamily members of the Swr1-like group, whereas SWI/SNF, CHD and ISWI classes 

belong to the Snf2-like group (Flaus et al., 2006). 

 

 
Fig 2.13. Organization of remodeler families defined by their ATPase. 
All remodeling enzymes contain a ATPase subunit characterized by shared catalyic helicase domains (Dexx and 
HELICc) and by unique flanking domains. Remodelers of the SWI/SNF, ISWI, and CHD families each have a 
distinctive short insertion within the ATPase domain, whereas remodelers of INO80 family contain a long 
insertion. Each family is further defined by distinct combinations of flanking domains: Bromodomain and HSA 
(helicase-SANT) domain for the SWI/SNF family, HAND-SANT-SLIDE module for the ISWI family, tandem 
chromodomains for the CHD family, and HSA domain for the INO80 family (modified and adapted from Manelyte 
and Längst, Chromatin Remodelers and Their Way of Action, Chromatin Remodelling, ISBN 978-953-51-1087- 3, 
InTech). 
 

2.5.1.1 SWI/SNF family 

The SWI/SNF (SWItching defective/Sucrose Non-Fermenting) family members are defined 

by the presence of an N-terminally located HSA (helicase-SANT) domain, which is known to 

recruit actin and actin-related proteins (ARPs), and a C-terminally located bromo domain, 

that is suggested to bind to the acetylated lysines of histones. In yeast, SWI/SNF complexes 

are built around the catalytic subunits Swi2/Snf2 or Sth1. Mammalian genomes encode two 

homologous ATPases of SWI/SNF, BRM (Brahma) and Brg1 (Brahma-Related Gene 1), 

which are present in large multi-subunit complexes of at least eight proteins, called BAF 

complexes (Brahma-Associated Factor) (Clapier and Cairns, 2009) (Manelyte and Längst, 

2013). Human BAF and PBAF complexes are distinguished by the presence of unique 
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subunits: BAF180, BAF200 and BRD7 for PBAF and BAF250a for BAF (Wilson and Roberts, 

2011). These BAF complexes play an important roles during development (Ho and Crabtree, 

2010) and are essential for maintaining pluripotency and self-renewal in mouse ESCs (Yan 

et al., 2008) (Ho et al., 2009).  

2.5.1.2 ISWI family 

The ISWI (Imitation SWItch) family of ATPases can be regarded as the subfamily that is most 

closely related to the SWI/SNF ATPases (Gangaraju and Bartholomew, 2007). ISWI 

members contain three characteristic binding domains at the C-terminal end, the HAND 

domain, the SANT (SWI3, ADA2, N-CoR and TFIIIB) domain, and the positively charged 

SLIDE domain (SANT-Like Domain). Together, they form a nucleosome recognition module 

(HSS module) that binds to DNA and unmodified tails of histone H4 (Clapier and Cairns, 

2009). Indeed, the H4 tail was shown to be required for efficient ATPase and remodeling 

activity of ISWI (Clapier et al., 2001) (Georgel et al., 1997). However, subsequent studies 

revealed that the islolated ATPase domain of D. melanogaster ISWI is sufficient for 

nucleosome remodeling, suggesting that the HSS module serves to increase the affinity to 

nucleosomes, enhances remodeling efficiency and directs repositioning (Mueller-Planitz et 

al., 2012). Furthermore, Clapier and Cairns identified two regulatory domains, named NegC 

and AutoN, exerting inhibitory effects on ISWI ATPase activity (Clapier and Cairns, 2012). 

ISWI ATPase subunits show nucleosome spacing activity in vitro, facilitating the assembly 

and regular distribution of nucleosomes in arrays. Furthermore, the nucleosome mobilizing 

activity of ISWI assists DNA-binding factors to gain access to target sequences within 

chromatin (Langst et al., 1999) (Whitehouse et al., 2003).  

D. melanogaster ISWI is known to be present in several chromatin remodeling complexes 

such as NURF, CHRAC and ACF (Clapier and Cairns, 2009), and homologs to D. 

melanogaster ISWI have been identified in numerous other organisms: Isw1 and Isw2 in 

yeast (Mellor and Morillon, 2004), xISWI in Xenopus (Guschin et al., 2000), and Snf2H and 

Snf2L in mammals. Snf2H and Snf2L can act on their own or in combination with one or 

more additional subunits such as Tip5, Rsf1 or WSTF to form the complexes NoRC, RSF 

and WICH, respectively (Strohner et al., 2001) (Poot et al., 2000) (LeRoy et al., 2000). 

Dependent on the auxilary subunits of the respective complex, these complexes are involved 

in a variety of functions, including activation and repression of transcription initation and 

elongation as well as replication and chromatin assembly (Clapier and Cairns, 2009). 
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2.5.1.3 CHD family 

The CHD (Chromodomain, Helicase, DNA-binding) family comprising Chd1, Chd3, Chd4 and 

Chd7 (Flaus et al., 2006) is characterized by the presence of two chromodomains that 

mediate binding to methylated lysine residues of histone tails, but are also able to interact 

with DNA and RNA (Brehm et al., 2004). Additionally to the chromodomains, distinct CHD 

remodelers can harbour specific regulatory domains. For instance, Chd1 contains a SANT-

SLIDE-like fold, which was shown to be required for the remodeling activity of Chd1 (Ryan et 

al., 2011), whereas Chd3 and Chd4 differ from other CHD members by the possession of 

PHD (plant homeodomain) domains that regulate ATPase and remodeling activity (Watson et 

al., 2012). Chd1 ATPase from D. melanogaster is active as monomeric protein, yet has the 

ability to associate with additional regulatory subunits (Lusser et al., 2005). Like ISWI 

remodelers, Chd1 shows chromatin spacing and assembly activity in vitro, 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 ESCs, Chd1 is essential to keep chromatin in an hyperdynamic euchromatic 

state, therefore maintaining pluripotency (Gaspar-Maia et al., 2009). In contrast, complexes 

that incorporate Chd3 and Chd4, such as NuRD, act as repressors. The Methyl-CpG-Binding 

Domain (MBD) within the NuRD complex links DNA methylation to histone deacetylase 

activity to mediate gene silencing (Flaus et al., 2006). 

2.5.1.4 INO80 family 

The yeast INO80 enzyme is the archetype ATPase of the INO80 family (Ebbert et al., 1999). 

Remodeling ATPases of this group are characterized by the relatively large insertion in the 

ATPase domain. This unique module retains ATPase activity and acts as a scaffold for the 

association with the RuvB-like proteins Rvb1 and Rvb2. RuvB is a bacterial ATP-dependent 

helicase that forms a double hexamer around Holliday junctions to promote their migration 

during homologous recombination (West, 1997). Since the purified INO80 complex is active 

as an ATP-dependent helicase, INO80 and possibly 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). The SWR1 complex consists of 13 further subunits, including actin, 

ARP4, Rvb1 and Rvb2, that are also present in the yeast INO80 complex. In humans,  

SRCAP (Snf2-Related CREB-binding Protein Activator Protein) is the homolog to yeast 

SWR1. An active complex with SRCAP as motor protein catalyzes the exchange of H2A/H2B 

dimers with variant H2A.Z/H2B, thereby integrating this alternative form into chromatin (Flaus 

et al., 2006) (Bao and Shen, 2007). 
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2.5.2 Mechanism of nucleosome remodeling 

To understand how the distinct remodeling complexes move nucleosomes, the detailed steps 

of the translocation reaction had been considered, essentially proposing two models. The 

‘twist diffusion’ model suggests the rotation of DNA in 1 bp intervals over the surface of the 

histone octamer, implying that the distortion of a single base pair is continuously propagated 

through the nucleosome. The ‘twist diffusion’ model is supported by nucleosomal crystal 

structures exhibiting this single base pair ‘twist defect’ (Davey et al., 2002) (Luger et al., 

1997). However, several studies didn’t confirm such a translocation model (Aoyagi et al., 

2003) (Längst and Becker, 2004). The second proposed model, the ‘loop recapture’ model, is 

based on the conformational change induced by the catalytic translocase domain, wich 

results in a relative change of the distance of both nucleosome-binding domains. This 

coordinated movement of the DNA-binding domain and the translocase domain disrupts local 

histone-DNA contacts and forms a small DNA loop. The DNA loop propagates over the 

surface of the histone octamer by releasing and rebinding adjacent sequences on the protein 

surface. 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, DNA has moved around the histone 

octamer surface. From this point on, a new round of loop initiation and propagation can start 

(Strohner et al., 2005) (Clapier and Cairns, 2009) (Fig 2.14). 
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Fig 2.14: DNA movement around the histone octamer during the remodeling reaction. 
(A) DNA (red/orange) is wrapped in two helical turns around the disc-shaped histone core (grey). The asterisks 
(*) 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 catalytical 
translocase domain (Tr: 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 (adapted from Clapier and Cairns, Annu. Rev. Biochem., 2009). 
 

The currently favored ‘loop recapture’ model, explaining the mechanism of translocation 

activity of remodeling ATPases, is strengthened by biochemical and single-molecule studies 

(Strohner et al., 2005) (Liu et al., 2011) (Zhang et al., 2006). 

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 to the end-products of the translocation reaction, proposing 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 remodeled nucleosome. In this case, the remodeling complex stays 

bound to the nucleosome, resembling sort of a structural component of chromatin (Rippe et 

al., 2007). 
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2.5.3 Association of non-coding RNAs with chromatin remodelers 

98% of the cellular transcription results in non-coding RNAs (ncRNAs). Initially being 

considered as non-functional junk, there is increasing evidence that ncRNAs regulate gene 

activity by their association with chromatin modifiers and remodeling enzymes, and thereby 

affect chromatin organization. In general, non-coding RNAs can be classified according to 

their length. Small non-coding RNAs such as microRNAs, small-interfering RNAs (siRNAs) 

and Piwi-interacting RNAs (piRNAs) are definded by sizes less than 200 nucleotides. Long 

non-coding RNAs (lncRNAs) are non-protein coding transcripts with sizes longer than 200 

nucleotides (Pang et al., 2006). 

One of the best known examples of lncRNA mediated chromatin regulation occurs during X-

chromosome dosage compensation in mammals. The lncRNA Xist is expressed from one of 

the two X-chromosomes in female cells and results in altering chromatin structure of the X-

chromosome where most genes are transcriptionally silenced (Wutz, 2011). Xist physically 

associates with the histone methyltransferase Polycomb repressive complex 2 (PRC2), 

localizing H3K27me3 to the inactive X-chromosome (Zhao et al., 2008). 

Notably, the chromatin remodeling factor ATRX was found to direct the binding of PRC2 to 

Xist (Sarma et al., 2014). 

Recently it was shown that the lncRNA Evf2 co-localizes with the chromatin remodeler Brg1 

in a complex with the transcriptional activator DLX1 in murine embryonic forebrains and 

inhibits Brg1 ATPase- and chromatin remodeling activity in vitro (Cajigas et al., 2015). 

Others reported that the cardiac-specific lncRNA Mhrt prevents Brg1 from recognizing its 

genomic DNA targets, thus inhibiting chromatin targeting and gene regulation by Brg1 (Han 

et al., 2014). A ncRNA termed pRNA (promoter-associated RNA) appears to functionally 

interact with NoRC, regulating the enzyme by switching off its ATPase activity (Manelyte et 

al., 2014). In contrast, studies on D. melanogaster ISWI revealed ATPase activating effects 

by a ncRNA (Onorati et al., 2011). Interestingly, both studies indicate rather competing than 

synergistic effects of nucleosomes and RNA on the ATPase activity of the respective 

remodeler (Manelyte et al., 2014) (Onorati et al., 2011). 

In addition, it is of note that RIP analyses showed the interaction of Lsh with the lncRNA 

HOTAIR in human adenocarcinoma cell lines (Wang et al., 2015). 
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2.6 DNA methylation in the context of chromatin 

2.6.1 In vitro studies on DNA methylation in chromatin 

DNA methyltransferases have been extensively studied with regard to their enzymatic 

properties (Hermann et al., 2004b) (Bacolla et al., 1999) (Pradhan et al., 1999) (Okano et al., 

1998) (Gowher and Jeltsch, 2001) (Suetake et al., 2003). All these results were obtained by 

in vitro studies using naked DNA as substrate. However, the DNA of eukaryotic cells is 

packaged into a compact nucleoprotein complex with nucleosomes as its elementary 

structure (Woodcock and Horowitz, 1995), and several studies on DNA methylation in the 

context of chromatin reported that DNA methylation is at least restricted within the chromatin 

environment. Okuwaki and Verreault found that Dnmt1 was intrinsically capable to methylate 

DNA within the nucleosome core. Yet, this activity was slightly inhibited in comparison to 

Dnmt1 activity towards naked DNA, and was highly dependent on the DNA sequence 

(Okuwaki and Verreault, 2004). On the contrary, Gowher and colleagues found comparable 

methylation efficiencies towards naked and nucleosomal templates (147bp in size) for Dnmt1 

and Dnmt3a, irrespective of the sequence (Gowher et al., 2005). Another study used a 208 

bp sequence that is a well-characterized nucleosome positioning sequence (5S rDNA from 

sea urchin) (Robertson et al., 2004). The catalytic efficiency of Dnmt1 and Dnmt3a to the 

mononucleosomal substrate decreased 8-fold and 17-fold, respectively, in comparison to 

their activities on the naked DNA. Interestingly, the ability of both enzymes to bind the 

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

Recently, it was reported that Dnmt1 binds to the entry/exit sites of the nucleosome and 

efficiently methylates DNA in the linker regions, whereas DNA protected by the nucleosome 

is almost free of DNA methylation (Schrader et al., 2015). Similar results were obtained by 

the analysis of nucleosomal DNA methylation by the de novo methyltransferases Dnmt3a 

and Dnmt3b, showing that compared to linker DNA, nucleosomal DNA is largely devoid of 

CpG methylation (Felle et al., 2011a). 

Others described distinct roles for Dnmt3a and Dnmt3b with respect to the methylation of 

DNA and nucleosomes. Whereas the methylation activity of Dnmt3b showed low but 

significant methylation within the nucleosome core region (Takeshima et al., 2006), Dnmt3a 

preferentially methylated linker DNA, which was impaired by the binding of histone H1 

(Takeshima et al., 2008). 
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2.6.2 Interplay between chromatin remodeling enzymes and DNA 
 methylation 

In this context, it is important to note that in addition to the intrinsic properties of the DNA 

methyltransferases also components of ATP-dependent chromatin remodeling factors seem 

to have an effect on the methylation in chromatin, providing evidence for a tight interplay 

between chromatin remodeling and DNA methylation. 

For instance, Dnmt3a directly interacts with components of the Brg1 complex in mouse 

lymphosarcoma cells. In these cells, the cooperation of the two proteins is involved in the 

repression of the metallothionein promoter. In this regard, the catalytic function of Dnmt3a 

was dispensable for repression, whereas Brg1 activity was crucial for promoter silencing 

(Datta et al., 2005). The nucleolar remodeling factor NoRC plays a role in promoting the 

methylation and silencing at the rDNA gene locus. NoRC interacts with Dnmt1 and Dnmt3a 

in vivo and targets the DNA methyltransferases to the rDNA to repress rDNA transcription 

(Santoro et al., 2002). Robertson and colleagues demonstrated direct association between 

Dnmt1 and Snf2H by co-immunoprecipitation, and immunofluorescence microscopy revealed 

that a significant fraction of both enzymes co-localized in heterochromatic regions of HeLa 

cells. Furthermore, the addition of recombinant Snf2H enhanced the binding affinity of Dnmt1 

to nucleosomes by 3-fold in an ATP-independent manner in vitro, but had no effect on the 

enzymatic activity of Dnmt1 on mononucleosomal substrates (Robertson et al., 2004). Others 

could show co-localization of Dnmt3a as well as Dnmt3b with human Snf2H at 

heterochromatic regions of HeLa cells (Geiman et al., 2004). In addition, it was demonstrated 

that human Snf2H stimulates de novo DNA methylation by the remodeling of nucleosomes in 

an ATP-dependent manner (Felle et al., 2011a). A recent study on Dnmt1 activity and its 

binding characteristics showed that Dnmt1 interacts with specific chromatin remodeling 

enzymes to enable methylation of hm DNA in chromatin (Schrader et al., 2015), supporting 

the idea that ATP-dependent chromatin remodeling is required to render nucleosomal DNA 

that otherwise would be refractory to DNA modifications.  

Mutations of genes encoding chromatin remodeling factors further indicate co-actions of 

chromatin remodeling and DNA methylation. Mutations in the ATRX gene, that belongs to the 

Rad54 subfamily (Flaus et al., 2006), cause a human genetic disease called X-linked α-

thalassemia mental retardation (ATRX) syndrome. Methylation defects in ATRX patients are 

restricted to selected regions of the genome such as rDNA repeats, and are characterized by 

both hypo- and hypermethylation (Gibbons et al., 2000). Mutations in DDM1 lead to a 70 % 

decrease of whole genomic 5-methylcytosine (Martienssen and Henikoff, 1999). Similar 

results were obtained with the mammalian homolog of DDM1, LSH (Jeddeloh et al., 1999).  
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2.7 The Snf2 family member Lymphoid-specific helicase 

The LSH gene (Lymphoid-specific helicase, Hells, PASG, SMARCA6) encodes a DEAD/H 

helicase that belongs to the Snf2 family of helicase-like proteins (Flaus et al., 2006). Lsh 

showed highest expression in T-lymphocytes in fetal mouse thymus (Jarvis et al., 1996). 

However, Lsh is generally expressed in proliferating cells (Geiman et al., 2001). 

Later, it was found that the transcriptin factor FOXM1 acts as a central regulator of Lsh 

expression (Waseem et al., 2010). 

With respect to its biological functions, there is evidence that, depending on cell type, Lsh 

may both promote and prevent carcinogenesis (Mjelle et al., 2015). Overexpression of Lsh is 

suggested to contribute to tumor progression in prostate cancer, which may in part be 

explained by its function as a co-activator for the transcription factor E2F3, whose amplified 

expression is linked with tumorigenesis (Eyss et al., 2011). Lsh silences expression of the 

CDK4-inhibitor p16INK4 by recruiting HDACs to the p16INK4 gene promoter, thereby 

increasing cell proliferation and delaying senescence (Zhou et al., 2009) (Sun, 2004). A 

recent report suggests that Lsh is a critical component of the p63 pathway to bypass 

senescence in skin cancer cells (Keyes et al., 2011). In contrast, deficiency of Lsh causes 

erythroleukemia in mice (Fan et al., 2008), and deletions are associated with acute 

myeloblastic and acute myelogenic leukemia in humans (Lee et al., 2000).  

Lsh contributes to DNA methylation and also has a role in histone deacetylation and 

methylation of histone H3K4, which is why Lsh is considered to be an important player in the 

establishment of heterochromatin (Zhu et al., 2006) (Zhou et al., 2009) (Yan et al., 2003b) 

(Dennis, 2001), especially during gametogenesis and embryonic development. Lsh 

deficiency results in perturbed heterochromatin structure, abnormal mitosis and de-

repression of transcription (Huang, 2004) (Yan et al., 2003b). Most strikingly, Lsh deficient 

mice died soon after birth with reduced lymphoid numbers, renal lesions with signs of 

necrosis, and a 20% weight reduction at birth. Analyses of genomic DNA methylation 

patterns from fibroblasts, brain, liver, intestine, heart and lung, as well as thymus obtained 

from Lsh deficient mice exhibited 50–60 % reductions in DNA methylation levels, mainly 

affecting repetitive elements such as major satellite sequences, IAPs, SINEs and LINEs, or 

telomeric sequences (Dennis, 2001) (Geiman et al., 2001). However, Lsh globally regulates 

DNA methylation, and reduced DNA methylation levels have also been observed at unique 

sequences like stem cell genes (OCT4, NANOG, SOX2) (Xi et al., 2009), single genomic 

imprinting control regions (CDKN1c) (Fan et al., 2005), or HOX genes (Xi et al., 2007). 

Recently published data, generated by applying more advanced technologies like whole-

genome bisulfite sequencing, confirmed global loss of CpG methylation in the absence of 

Lsh and the critical role of Lsh for the repression of repeat elements. For such studies, 
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murine embryonic fibroblasts (MEFs) derived from Lsh wild-type (WT) and Lsh knock-out 

(KO) mice had been used to basically compare differences in CpG methylation levels 

between WT and KO MEFs (Tao et al., 2011) (Yu et al., 2014). In addition, these results 

indicate that Lsh is important for the establishment of CpG methylation at a nuclear 

compartment that is in part defined by so-called Lamin B1 attachment domains (LADs). More 

than 60% of repeat elements showing DNA methylation reduction in Lsh deficient MEFs were 

located in LADs (Yu et al., 2014). 

Other studies using Lsh knock-out mice strains revealed reduced proliferation of 

spermatogonia and arrest of germ cell differentiation, suggesting an essential role for Lsh 

during male meiosis (Zeng et al., 2011). The knock-out of Lsh during oogenesis induced a 

similar phenotype, including arrest of oocyte differentation and abnormally low levels of 5-mC 

on major and minor satellite sequences (La Fuente et al., 2006). As satellite sequences are 

the main components of pericentromeric DNA, these results support the idea that Lsh plays a 

role in the formation of pericentromeric heterochromatin, which is substantiated by 

fluorescence microscopy studies and western blot analyses, showing localization of Lsh to 

pericentromeric heterochromatin (Yan et al., 2003b) (Lungu et al., 2015). Furthermore, 

several ChIP data provide evidence that Lsh is directly recruited to repetitive sites in the 

genome (Huang, 2004), indicating that Lsh guards preferentially genomic regions embedded 

in repressive chromatin. 

Lsh has been suggested to be dispensable for maintenance DNA methylation but primarily 

participate in de novo DNA methylation (Yan et al., 2003a) (Zhu et al., 2006). In this regard, it 

was shown that acquisition of DNA methylation of non-methylated episomes required Lsh, 

and that Lsh interacts specifically with the de novo DNA methyltransferases Dnmt3a and 

Dnmt3b (Zhu et al., 2006). In particular, Lsh was demonstrated to recruit Dnmt3b to HOX 

genes and to regulate Dnmt3b-dependent DNA methylation as well as polycomb repressive 

complex (PRC) mediated histone modifications to control silencing of HOX genes during 

embryonic development (Xi et al., 2007) (Tao et al., 2010). However, others reported direct 

interactions between Lsh and Dnmt1 and suggest Lsh-dependent recruitment of Dnmt1 to 

chromatin (Dunican et al., 2015). Thus, Lsh may be required for both de novo and 

maintenance DNA methylation. Indeed, according to Myant and Stancheva, Lsh cooperates 

with Dnmt1 and Dnmt3b. In addition, they showed by in vitro pull downs association of Lsh 

with HDAC1 and HDAC2 (Fig 2.15). 
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Fig 2.15: Protein interaction network of Lsh. 
Interaction partners of Lsh identified by literature search. Co-IPs and pull down assays revealed direct association 
of Lsh with Dnmt3b (Myant and Stancheva, 2007) (Zhu et al., 2006), Dnmt3a (Zhu et al., 2006) and Dnmt1 (Myant 
and Stancheva, 2007) (Dunican et al., 2015). Lsh may also cooperate, yet rather indirectly, with HDAC1 and 2 
(Zhou et al., 2009) (Myant and Stancheva, 2007), probably mediated by Dnmts. Furthermore, association of Lsh 
with the transcription factor E2F3 is reported (Eyss et al., 2011). Recently, WDR76 was found to interact with Lsh. 
WDR76 is a 5-hmC specific reader (Spruijt et al., 2013) and has been proposed to keep genome stability (Gallina 
et al., 2015). 
 

Yet, transcriptional repression by Lsh and its interactions with HDACs were lost in Dnmt1- 

and Dnmt3b-knock-out cells (Myant and Stancheva, 2007). Therefore, Lsh may rather 

indirectly interact with HDACs, probably via Dnmts, which is supported by interaction studies 

of Zhou and colleagues (Zhou et al., 2009). Interestingly, native Lsh was not detected in a 

large protein complex. Hence, it was proposed that Lsh transiently interacts with chromatin-

associated proteins (Myant and Stancheva, 2007) and could serve as a recruiting factor for 

Dnmts and HDACs to establish transcriptionally repressive chromatin.  

Apart from its crucial role in the regulation of DNA methylation during development, Lsh may 

have additional functions. Lsh was found to contribute to DNA double-strand break repair by 

promoting phosphorylation of H2AX to γH2AX (Burrage et al., 2013). Furthermore, Lsh was 

identified as a specific reader for 5-hmC in neural progenitor cells (Spruijt et al., 2013), 

emphasizing the function of 5-hmC as a landmark in the epigenetic landscape that might 

recruit specific readers to direct dynamic remodeling and organization of chromatin. 

The biological importance of Lsh mediating gene silencing is well documented. 

However, the molecular processes of how Lsh is mechanistically involved in the formation of 

transcriptionally repressive chromatin have not been addressed.  

Lsh is classified into the Snf2-like group comprising enzymes like D.melanogaster ISWI, 

mouse Chd1 and human Brg1, which are the catalytic core subunits of well-known ATP-

dependent chromatin remodeling complexes. The respective classification is based on 

alignments of the helicase regions comprising the Dexx and the HELICc domains. Dexx and 

HELICc represent essential domains of Snf2-like ATPases in terms of ATP hydrolysis and 

the coupling of the energy derived from ATP hydrolysis to the mobilization of nucleosomes 

(Flaus et al., 2006) (Clapier and Cairns, 2009). Apart from its nuclear localization sequence 
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(NLS) and in part the coiled-coil domain that could mediate protein-protein interactions (Hu, 

2000), these two domains are the only domains of Lsh of assigned functions (Fig 2.16). 

 

 
Fig 2.16: Schematic representation and assigned domains of Lsh. 
Lsh comprises 838 aa with a coiled-coil domain at the N-terminus. The nuclear localization domain (NLS) is 
positioned adjacent to the coiled-coil domain. The Snf2 family specific helicase domains (Dexx and HELICc) are 
seperated by about 200 amino acids. Relative positions and domain length are indicated by numbers in brackets 
indicating first and last amino acid of the respective domain. 
 

Consequently, due to its conserved ATPase domain and its chromatin-specific functions, it is 

generally believed that Lsh moves nucleosomes by using ATP as energy source, thereby 

facilitating DNA methyltransferases access to DNA and allow DNA methylation within 

nucleosomes (Fig 2.17). 

 

 
Fig 2.17: Hypothetical model of how Lsh facilitates DNA methylation. 
Dnmts are unable to recognize and modify DNA in the nucleosomal context. Lsh moves nucleosomes in an ATP-
dependent fashion, which enables a Dnmt to access and methylate its target sites on the DNA (as presented by 
the methylation of CpG sites). Eventually, the concerted action of Lsh and Dnmts contributes to the establishment 
of heterochromatin. Triangles illustrate CpG sites.  
 

Eventually, the concerted action of Lsh and Dnmts might result in gene silencing, and is most 

probably accompanied by histone deacetylation and the setting of repressive histone marks 

such as H3K9 and H3K27 di- and trimethlyation, in order to complete the establishment of 

heterochromatin. At least, it is reported that Lsh mediates gene silencing not only by 

cooperating with Dnmts and HDACs but also by promoting the recruitment of histone 

methyltransferase complexes such as G9a/GLP to specific loci during lineage commitment 

and cell differentiation (Myant et al., 2011). 

Since nucleosomes represent a repressive structure for DNA-dependent processes, altering 

chromatin structure by the mobilization of nucleosomes in order to regulate DNA accessibility 

appears to be an important process for the successive methylation of DNA (Geiman et al., 

2004) (Felle et al., 2011a) (Schrader et al., 2015) (see also chapter 2.6). Indeed, recently 

published data provide evidence for the connection between DNA methylation and the 
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proposed chromatin remodeling activity of Lsh. Ren and colleagues re-expressed an ATPase 

deficient version of Lsh in ESCs derived from Lsh knock-out mice and observed reduced 

CpG methylation levels at repeat elements if compared to wild-type (Ren et al., 2015), 

indicating the requirement of a functional Lsh ATPase for efficient CpG methylation. 

 

 

As there is still neither proof that Lsh opens up chromatin and allows access to Dnmts, nor 

have the molecular mechanisms of this process been addressed so far, the aim of the 

presented work is the molecular analysis and description of the chromatin remodeling and 

ATPase function of Lsh and its interaction with nucleosomes in vitro
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3 Results 

3.1 Protein sequence motifs favoring the proposed 
 function of Lsh as a chromatin remodeling enzyme 

In order to gain first insights into the suggested mechanistic properties of Lsh, pairwise 

protein sequence alignments with human Lsh as query and one prominent human member 

of each subfamily of the Snf2-like group (Flaus et al., 2006) as target were performed with 

EMBOSS Needle using EMBOSS Needle's default parameters (Rice et al., 2000). Apart 

from its coiled-coil domain, the DExx domain and the HELICc domain of Lsh are the only 

assigned ones (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Together, DExx and 

HELICc domains share about 35% to 40% sequence identity with DExx and HELICc 

domains of human members of the Snf2-like group. In contrast, the overall protein 

sequence identity of full-length Lsh with the targets’ full-length sequences ranges from 10% 

to 23%, depending on the protein Lsh was compared to (Table 3.1).  

 
Table 3.1: Pairwise protein sequence alignments of human Lsh and human members of the Snf2-like 
group of the Snf2 superfamily. 
Pairwise protein sequence alignments were performed with EMBOSS Needle. Lsh was used as query, and one 
prominent human member of each subfamily of the Snf2-like group as target. The table shows the percentage 
of sequence identity of full-length Lsh with the target’s full-length protein sequence and the percentage of 
sequence identity of combined DExx and HELICc domains of Lsh with the target’s combined DExx and HELICc 
domains. For analysis, the program’s default parameters were used. 
  

Pairwise protein sequence alignments of human Lsh and human 
members of the Snf2-like group of the Snf2 superfamily 

 

  
  

Lsh (human) – hSnf2H (ISWI subfamily) 
  

  full-length  DExx/HELICc domain 
40,19 Sequence identity (%) 23,08 

  
  

Lsh (human) - Chd1 (CHD1 subfamily)  
  

  full-length  DExx/HELICc domain 
35,58 Sequence identity (%) 16,21 

  
  

Lsh (human) – Chd8 (CHD7 subfamily) 
  

  full-length  DExx/HELICc domain 
35,55 Sequence identity (%) 10,01 

  
  

Lsh (human) – Brg1 (SWI/SNF subfamily) 
  

  full-length  DExx/HELICc domain 
36,62 Sequence identity (%) 15,74 

  
  

Lsh – Chd4 (Mi-2 subfamily) 
  

  full-length  DExx/HELICc domain 
35,57 Sequence identity (%) 12,5 

  Lsh (human) – Chd1L (ALC1 subfamily)  

  full-length  DExx/HELICc domain 
36,89 Sequence identity (%) 19,69 
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This indicates that the relationship of Lsh with its members of the Snf2-like group is mainly 

referred to the DExx domain and the HELICc domain but not to other regions of Lsh. In fact, 

it is not known whether Lsh contains so called interaction or reader domains that are typical 

for catalytic ATPase subunits of chromatin remodeling complexes. 

Within or close to the DExx and HELICc domains, the Snf2 family shares eight SF2 

superfamily characteristic motifs known as helicase motifs I, Ia, II, III, IV, V and VI, and Q 

motif. In addition, Snf2 family proteins share conserved blocks distinguishing them from 

other members of the SF2 superfamily (Flaus et al., 2006). Focusing on human Lsh, a 

bioinformatic analysis of the sequences of DExx and HELICc domains was done by 

perfoming multiple protein sequence alignments (MSA) with MSAProbs using the program’s 

default parameters (Liu et al., 2010). The amino acid sequence of full-length human Lsh 

was used as query and was compared to the full-length protein sequences of all human 

representatives of the Snf2-like group. The helicase motifs I, Ia, II and III are present in the 

DExx domain, while motifs IV, V and VI are present in the HELICc domain. According to 

Flaus and colleagues, the Snf2-specific blocks are termed A to N. To be mentioned, the 

conserved blocks B and C overlap with previously described Snf2-specific sequence motifs 

(Thomä et al., 2005). Lsh shares all annotated motifs with all human members of the other 

subfamilies of the Snf2-like group (Fig 3.1). 
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Fig 3.1: Multiple sequence alignments of regions encompassing DExx- and HELICc domains of all 
human representatives of the Snf2-like group. 
The protein sequences of all human members of the Snf2-like group have been aligned to each other with 
MSAProbs and were visualized with the UGENE software tool. Lsh (referred to as Hells) is shown in the top line 
of the alignment. The degree of sequence similarity is color coded (background in white: no similarity, 
background in brilliant blue: completely identical). The DExx domain and the HELICc domains are surrounded 
by red brackets. Helicase motifs (motif I, Ia, II, III, IV, V and VI, and motif Q) are shown in rectangles (solid 
lines). Structural motifs conserved in Snf2 subfamilies according to Flaus and colleagues (Flaus et al., 2006) 
(E#, F#, A#, G#, H#, B#, J#, C#, K#, D#, L#, M#, and N#) are shown in rectangles (dashed lines). SNF-motif B and 
SNF-motif C have been described as Snf2 specific sequence motifs by Thomä and colleagues (Thomä et al., 
2005). 
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The alignments demonstrate the high degree of conservation of the motifs implying that the 

helicase domains are conserved amongst chromatin remodelers. All of the seven helicase 

motifs have been described to play roles either in ATP hydrolysis or ATP binding, or DNA 

interactions. Motif I (also known as Walker A motif) is the nucleotide binding region but is 

also important for hydrolyzing nucleotides since the conserved lysine in the GKT box of 

motif I is required for ATP hydrolysis (Nongkhlaw et al., 2012). Functional characterization 

of motif I revealed that mutation of this conserved lysine to alanine or arginine abolishes the 

ATPase activity of chromatin remodeling enzymes, as it was shown for Snf2, Sth1, and 

Brg1 (Du et al., 1998) (Khavari et al., 1993). The conserved glutamine one amino acid 

downstream of the GKT box and the conserved glutamine in motif Q regulate the catalytic 

efficiency of the ATPase reaction as it was shown for Active DNA-dependent ATPase A 

Domian (ADAAD), a proteolytic fragment of the Snf2 family protein SMARCAL1 

(Nongkhlaw et al., 2012). Motif II including the DEXX box, and motifs III, IV and VI are 

involved in ATPase activity either by regulating the ATP hydrolysis rate or by binding ATP, 

as indicated by mutagenesis experiments (Brosh and Matson, 1995) (Richmond and 

Peterson, 1996) (Dürr et al., 2005). Motifs Ia and V, as well as motifs IV and VI may play a 

role in DNA interactions (Thomä et al., 2005). Interestingly, Motif V is suggested to couple 

ATP hydrolysis to nucleosome mobilization activity since a mutant of the S. cerevisiae 

SWI/SNF ATPase subunit lacking several amino acids of motif V is still able to hydrolyze 

ATP but is, in contrast to wild type, defective for mobilization of nucleosomes (Smith and 

Peterson, 2005). The conservation of the motifs and their functions in ATPase activity 

implies that Snf2 family members share mechanistic features, which is supported by 

analyses of crystal structures of the SWI2/SNF2 ATPase core from S. solfataricus and 

zebrafish (Dürr et al., 2005) (Thomä et al., 2005). The crystal structures of the catalytic core 

that includes the helicase domains indicate that the core has a bi-lobal structure made out 

of two RecA-like domains fused to Snf2 specific structural elements (Flaus et al., 2006). 

The RecA-like domains are structurally closely related to the architecture found in SF2 

helicases (Duerr et al., 2006). This suggests that Snf2 family enzymes and SF2 helicases 

have a basic ATP hydrolysis mechanism in common.  

Although all chromatin remodeling complexes have a conserved and Snf2 family specific 

catalytic core, they differ in their biochemical activities exhibiting diverse biological and 

physiological functions. Most probably, this is due to the additional proteins of the large 

remodeler complexes as well as to characteristic domains of the ATPase subunit of the 

complex. For instance, SWI/SNF members contain a bromodomain recognizing acetylated 

histone tails. ISWI members contain a HAND-SANT-SLIDE domain binding to unmodified 

histone tails and nucleic acids. CHD members contain chromodomains interacting with 

methylated histones (Duerr et al., 2006) (Erdel et al., 2011). The importance of these 
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domains on chromatin remodeling has been demonstrated. For example, removing the 

chromodomains of Mi-2 or the SLIDE domain of Isw2 compromises nucleosome 

mobilization in vitro (Bouazoune et al., 2002) (Boyer et al., 2004). Taken together, 

chromatin remodelers have diverse domain organization reflecting different substrate 

specificities and functional roles. However, the conserved helicase domains suggest 

common features in terms of the basic remodeling mechanism. 

In contrast to most other Snf2 family enzymes with intrinsic ATPase activity, Lsh does not 

seem to be part of a large protein complex (Myant and Stancheva, 2007). In addition, it 

appears as if Lsh does not contain other remodeler typical domains beside the DExx and 

HELICc domains. Nevertheless, its Snf2-like group membership, primarily based on protein 

sequence similarities, and the already mentioned analyses of crystal structures revealing 

conserved properties of chromatin remodelers, give rise to the assumption that Lsh acts as 

a chromatin remodeling enzyme. In addition, since ATPase subunits of chromatin 

remodeling complexes by their own are capable of remodeling nucleosomes (Brehm et al., 

2000) (Corona et al., 1999) (Phelan et al., 1999), Lsh may not need to be associated with 

other proteins in a stable complex in order to mobilize nucleosomes. In conclusion, the 

alignments suggest that Lsh is a chromatin remodeler and support the hypothesis that Lsh 

facilitates DNA methylation by moving nucleosomes. 

3.2 Expression and purification of human Lsh 

To study the functional interactions between Lsh and chromatin in vitro, attempts to express 

and purify recombinant full-length human Lsh (isoform 1) were first done using E. coli as 

expression system. Different bacterial strains, expression vector systems and temperature 

conditions during protein expression were tested. However, Lsh was either in the pellet, 

and therefore not soluble, or hardly detectable on sodium dodecyl sulfate polyacrylamide 

gels (SDS-gels) (data not shown). Still, purification was performed if Lsh was expressed 

and soluble. Purification attempts with different systems (column purification, batch-

purification, different buffer systems, two different tags namely His-tag and FLAG-tag, 

different purification protocols with varying sonication settings) failed, as SDS-gels revealed 

that Lsh was either not in the supernatant after sonication or the elution fractions were 

clearly impure, if Lsh was soluble and not lost before (data not shown). For this reason, the 

expression system was changed to insect cells. Using the Gateway system (Invitrogen), the 

LSH cDNA was cloned into a vector suited for protein expression in insect cells. After 

bacmid isolation and virus generation, 6x C-terminal His-tagged human full-length Lsh was 

expressed in insect cells, as shown by SDS-polyacrylamide gelelectrophoresis (SDS-

PAGE) and western blot (see 5.2.5 and 5.2.6) (Figs 3.2 A and B). 
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Fig 3.2: Expresssion and purification of 6x His-tagged human full-length Lsh. 
(A) Lsh was expressed in Sf21 insect cells after infection of cells with 200 µl of virus per 200 ml cell culture. At 
indicated time points, samples of 1x106 cells were taken, and cell extracts were prepared as described (see 
5.2.6.3). Protein expression was analyzed by loading cell extracts on a 7.5% SDS gel. The gel was stained with 
Coomassie blue and destained with water. Non-infected cells (CC; lane 1) served as negative control. (B) 
Additionally, protein expression was analyzed by western blotting using an anti-His antibody (HisProbe-HRP; 
ThermoFisher) for detection of the C-terminal His-tag (see 5.2.3.3). Non-infected cells (CC; lane 2) served as 
negative control. (C) Lsh was batch-purified (see 5.2.7) from 200 ml Sf21 insect cells expressing 6x His tagged 
human full-length Lsh. For analysis, samples taken during protein purification were loaded on a 7.5% SDS gel. 
The gel was stained with Coomassie blue and destained with water. The SDS gel illustrates samples taken 
during protein elution (lanes 1–3) showing successful purification of Lsh. E1–E3: elution fractions. B: Ni-NTA 
beads after elution. (D) Purified Lsh (lane 1) was further analyzed by western blotting using a Lsh specific 
antibody (sc-46665; Santa Cruz). Non-infected cells (CC) (lane 2) and cells expressing Lsh (V0) (lane 3) served 
as controls. 
 
Lsh has a molecular weight of about 100 kilo Daltons (kDa). The SDS-gel reveals the 

increased expression of the Lsh protein over time while the intensities of all other bands 

remain the same (Fig 3.2 A, lanes 2–5). During western blotting, the membrane was 

incubated with an anti-His antibody to detect His-tagged Lsh (Fig 3.2 B). On the western 

blot’s negative control (CC, non-infected cells; lane 2), there is no signal appearing that 

would match Lsh. Corresponding to the result of the SDS-PAGE, signal intensities of the 

expressed Lsh protein increase with time (Fig 3.2 B, lanes 3–5). The results of SDS-PAGE 

and western blot strongly suggest a successful expression of recombinant human full-

length Lsh in insect cells, which is why the protein was subjected to purification. 
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The protein was purified by batch-purification, using Nickel-NTA (Ni-NTA) beads for the 

capture and imidazole for the elution of the protein (see 5.2.7) (Fig 3.3). 

In general, the purification resulted in highly pure protein fractions with no obvious 

contaminations, as illustrated by an SDS-gel of one of the purifications. The few existing 

contaminants are only faintly visible while Lsh appears as a prominent double band in the 

elution fractions (Fig 3.2 C, lanes 1–3). A western blot was performed in order to prove if 

one of the two bands of the double band is derived from a contaminating protein. Both 

bands were detected with a Lsh specific antibody (sc-46665; Santa Cruz) in purified Lsh 

(Lsh) and in insect cells expressing Lsh (V0). In contrast, the negative control (CC) did not 

yield any signal (Fig 3.2 D, lanes 1–3). Altogether, the result of the western blot confirms 

the specificity of the antibody and shows that the double band matches Lsh. The upper 

band probably emerges from posttranslational modifications. Indeed, a query at 

PhosphoSitePlus (http://www.phosphosite.org/homeAction.do) revealed a number of Lsh 

amino acid residues prone to posttranslational modifications such as phosphorylation, 

ubiqitination and acetylation. 

The theoretical molecular weight of 6x His tagged Lsh was calculated with ProtParam 

(http://web.expasy.org/protparam/) and is 98.93 kDa. However, Lsh eluted at a size greater 

than 100 kDa (approximately 115 kDa). In a study by Myant and Stancheva, recombinant 

Lsh appears in the elution fractions of a size exclusion chromatography experiment with a 

peak corresponding to a molecular mass of about 150 kDa. Applying the Stokes radius and 

the sedimentation coefficient of Lsh they determined a molecular mass of 91.5 kDa. 

Therefore, the running behavior of Lsh seems to vary, depending on the applied method of 

choice, and may not correspond to the actual molecular weight of the protein. For 

subsequent experiments, molarities were calculated with the theoretical molecular weight of 

98.93 kDa. 
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3.3 Lsh preferentially binds to longer DNA molecules in 
 vitro 

Little is known about the binding behavior of Lsh towards nucleosomes. Therefore, a basic 

characterization on the DNA binding properties was done first. In an initial binding assay, 

increasing amounts of protein were incubated with an ultra-low-range DNA marker 

(Fermentas) (Fig 3.3 A). 

 
Fig 3.3: Binding affinities of Lsh towardsDNA fragments of different sizes. 
The binding affinity of Lsh to differently sized DNA fragments was studied by electrophoretic mobility shift assay 
(EMSA) and microscale thermophoresis (MST). (A) For analysis by EMSA, increasing concentrations of Lsh 
(125 nM–1 µM; lanes 2–9) were titrated to the DNA (125 ng ultra-low-range DNA marker per lane; lanes 1–9) in 
a final volume of 20 µl. Reactions were incubated for 30 min at 26 °C, and DNA-protein complexes (indicated by 
an asterisk) were separated from unbound DNA on a 12% native PAA gel. For visualization, the gel was stained 
with ethidium bromide and destained with water. (B) For analysis by MST, increasing concentrations of Lsh (4 
nM–8000 nM) were incubated with 40 nM of the respective Cy5 labeled dsDNA fragment [(AIR 20, 20 bp in 
size) (AIR 35, 35 bp in size) (AIR 60, 60 bp in size) (-190/+90, 280 bp in size)] at 30 °C for 10 min before 
starting the measurement. For data evaluation, the thermophoresis signals were normalized to fraction bound 
(X) by X = (Y(c)-Min)/(Max-Min). EC50 values and Hill coefficients were obtained according to the Hill equation f 
= min+(max-min)/(1+(EC50/abs(x))^n) and are indicated in line with the respective DNA fragment (the size of the 
respective DNA fragment Lsh was incubated with is indicated). Each MST measurement was done in triplicates, 
each time using a different fraction of purified Lsh and freshly prepared fluorescently labeled DNA, and mean 
values and standard deviations were calculated. 
 

Reactions were loaded on a 12% native PAA gel that was stained with ethidium bromide 

(see 5.2.9.1). Lsh first binds to the longest DNA fragments, visible as DNA-protein 

complexes shifted to the well of the gel, whereas smaller DNA fragments are only bound at 

higher protein concentrations (Fig 3.3 A). As the DNA amount (weight) remains constant 

(exception: 50bp; 2.5x as much), the preferred binding to longer free DNA fragments 

suggests a cooperative binding mechanism. In order to prove cooperative binding behavior 

and preferential binding to longer DNA molecules, a method differing from EMSA was 

applied. Microscale thermophoresis (MST) is a technique that is based on the movement of 

molecules in temperature gradients and that allows real-time quantification of binding 

affinities in solution (Baaske et al., 2010) (Zillner et al., 2011) (see 5.2.9.4.1). The 
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thermophoretic mobility of fluorescently labeled double-stranded (ds) DNA molecules 

differing in size was recorded at Lsh concentrations ranging from 4 nM to 8 µM (Fig 3.3 B). 

Data were then used to calculate binding affinities by applying the Hill equation: 

 

f = min+(max-min)/(1+(EC50/abs(x))^n) 

 

The Hill equation is commonly used to study the kinetics of reactions that exhibit a 

sigmoidal behavior. The EC50 value is the median concentration that causes 50% of the 

maximal response, meaning it is the enzyme concentration at which the binding is halfway 

between the baseline and the maximum. Hence, lower EC50 values imply that less protein 

is needed to reach saturation. The Hill coefficient (n) is used to provide a quantitative 

measure of cooperativity of substrate binding with values of n > 1 indicating positive 

cooperativity. Positive cooperativity occurs when the binding of one ligand or substrate 

molecule promotes the binding of a second or more substrate molecules, as the other 

binding partner is either a monomer and has two or more binding sites, or multimerizes 

upon binding (Hernan G Garcia, 2011). Lsh exhibits a binding affinity (EC50) of 0.8 µM 

towards the 280 bp long dsDNA while binding affinities to the shorter fragments are much 

lower, displaying EC50 values that increase (1.65 µM, 2.2 µM and 2.6 µM) with decreasing 

size of the DNA molecule (60 bp, 35 bp and 20 bp) (Fig 3.3 B). Thus, the MST data confirm 

the preferential binding to longer dsDNA fragments as previously indicated by the results of 

the electromobility shift assay. Moreover, the binding reactions indicate cooperative 

binding. 

In summary, two different techniques to study the DNA binding properties of Lsh have been 

applied and show independently from each other that Lsh prefers to bind to longer dsDNA 

molecules in vitro. Interestingly, MST reveals that DNA is bound cooperatively, and binding 

to longer DNA molecules enhances cooperativity (n > 3). 
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3.4 Lsh binding to nucleosomes is facilitated by the 
 availability of linker DNA 

Lsh is known to associate with chromatin, and especially localizes to pericentromeric 

heterochromatin (Yan et al., 2003a). However, on the molecular level it has not been 

addressed how Lsh does bind to nuclesomes. To characterize the binding behavior of Lsh 

to nucleosomes, the affinity of Lsh to different nucleosomal substrates was studied in vitro 

by performing EMSA as well as MST experiments (see 5.2.9.2.1 and 5.2.9.4). Subsequent 

to the generation of the DNA fragments, either by restriction enzyme digestion (NPS-AvaI 

and NPS NotI) or by PCR (-190/90, 77-NPS-77, 0-NPS-0), the templates were used for 

chromatin assembly. By salt gradient dialysis (Rhodes and Laskey, 1989) nucleosomes 

were either reconstituted on the 601 nucleosome positioning sequence (NPS) (Lowary and 

Widom, 1998) or on the rDNA promoter fragment comprising 190 bp upstream and 90 bp 

downstream to the transcription start site (-190/+90) (see 5.2.8). Nucleosomes 

reconstituted on the rDNA promoter region occupied multiple positions on the DNA 

whereas the 601 sequence containing DNA fragments provide one single position for 

nucleosome assemby, as demonstrated by native PAGE (see 5.2.8.3). Additional bands in 

mononucleosome preparations can be explained by the occupancy of DNA with histones at 

positions differing from the 601 nucleosome positioning sequence, which usually make a 

minor fraction and therefore have no influence on the quality of the nucleosomes. 

Nucleosomes were incubated with increasing amounts of Lsh, and reactions were analyzed 

on native PAA gels visualized either by ethidium bromide staining (NPS-AvaI and NPS-

NotI) or by fluorescence scanning (-190/90, 77-NPS-77, 0-NPS-0; DNA templates are 

fluorescently labeled). 

In general, the gel retardation assays demonstrate that Lsh interacts with chromatin in vitro, 

since the mobility shifts are due to the specific binding of Lsh to the nucleosomes 

(Figs 3.4 A–E). 
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Fig 3.4: Binding affinity of Lsh to nucleosomes. 
The binding affinity of Lsh to different nucleosomal substrates was studied by EMSA and MST. (A–E) Analysis 
of the binding affinities of Lsh towards nucleosomes by EMSA. Increasing concentrations of Lsh (125 nM–1 µM) 
were incubated with constant amounts (20 nM) of (A) nucleosomes positioned on the Cy5 labeled murine rDNA 
promoter region (-190/+90), (B) a centrally-positioned mononucleosome with 27 bp linker DNA (NPS-AvaI), (C) 
a mononucleosome positioned at the border of the DNA template (NPS-NotI), (D) a centrally-positioned Cy5 
labeled mononucleosome with 77 bp linker DNA (77-NPS-77), and (E) the Cy3 labeled nucleosomal core (0-
NPS-0). Reactions were incubated for 30 min at 30 °C and were analyzed on 5% native PAA gels. Gels were 
visualized on a fluorescence image reader, or by staining with ethidium bromide. Protein-nucleosome 
complexes are indicated by asterisks. (F) Analysis of binding affinities of Lsh towards Cy5 labeled 77-NPS-77 
and Cy3 labeled 0-NPS-0 by MST. Increasing concentrations of Lsh (2 nM–7500 nM) were incubated with 50 
nM of the respective nucleosomal substrate at 30 °C for 10 min before starting the measurement. For data 
evaluation the thermophoresis signals were normalized to fraction bound (X) by X = (Y(c)-Min)/(Max-Min). EC50 
values and Hill coefficients were obtained according to the Hill equation f = min+(max-min)/(1+(EC50/abs(x))^n) 
and are indicated in line with the respective nucleosome (77-NPS-77 and 0-NPS-0, respectively). Each 
measurement was done in triplicates, and mean values and standard deviations were calculated. 
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Nucleosomes differently positioned on the rDNA promoter region are bound by Lsh as 

indicated by the disappearance of the nucleosomal bands, but also the free DNA is bound. 

The nucleosomal DNA-protein complex is shifted to the well as indicated by an asterisk (Fig 

3.4 A). The EMSA indicates preferential binding of Lsh to centrally-positioned nucleosomes 

than to nucleosomes positioned at the border. To prove this, mononucleosomes positioned 

either at the center or at the border of the template and flanked with DNA differing in size 

(Figs 3.4 B–E) were used. NPS-AvaI and NPS-NotI were both prepared from the same 

plasmid but with different restriction enzymes. Digestion with AvaI leads to a centrally-

positioned nucleosome, with about 27 bp linker DNA on both sites. Digestion of the plasmid 

with NotI generates a mononucleosome positioned at the border and flanked with about 55 

bp linker DNA on one site of the nucleosome. In both cases, EMSAs suggest that Lsh binds 

to the free DNA before it binds to the nucleosome. The centrally-positioned NPS-AvaI is 

bound at a protein concentration of 500 nM (Fig 3.4 B, lane 5) while binding of NPS-NotI 

affords higher protein concentrations (Fig 3.4 C, lane 6). The results confirm the preferred 

binding to centrally-positioned nucleosomes, suggesting symmetric binding of Lsh. As for 

the binding of Lsh to 77-NPS-77 (77 bp symmetric linker DNA), Lsh starts to bind the free 

DNA at stages where the nucleosome is still not fully bound (Fig 3.4 D). Since Lsh prefers 

to bind to longer free DNA in vitro (see 3.3) one may conclude that longer linkers facilitate 

the binding to nucleosomes. 77-NPS-77 comprises linker DNA that is about 50 bp longer in 

comparison to NPS-AvaI that contains 27 bp symmetric linker DNA. By visual inspection of 

the native PAA gels of the EMSAs with NPS-AvaI and 77-NPS-77, one could draw the 

conclusion that longer linkers improve the binding affinity of Lsh as it appears that Lsh 

shows slightly enhanced binding to 77-NPS-77 compared to the binding to NPS-AvaI (Figs 

3.4 B and D). Yet, this is derived from indirect comparisons, as the substrates were not 

combined in a reaction to compete with each other. EMSAs with the nucleosomal core (0-

NPS-0) demonstrate that lack of linker DNA impedes the binding to the nucleosome. The 

nucleosomal core is weakly bound, even at higher protein concentrations. The free DNA 

that is still present and makes only a few base pairs (about 3 to 5 bp on both sites of the 

core), is not bound since there is less free DNA in size to be bound by Lsh (Fig 3.4 E). 

Therefore, a certain minimal linker length may be necessary to facilitate the binding of 

nucleosomes.  

The ability of Lsh to interact with chromatin was further confirmed by MST experiments. 

Reconstituted mononucleosomes with (77-NPS-77) and without (0-NPS-0) DNA linkers 

were incubated with increasing amounts of Lsh. Lsh exhibits a binding affinity of 0.9 µM 

towards 77-NPS-77. In contrast to the gel retardation assay, Lsh binds to the nucleosomal 

core when applying MST and displays an EC50 value of 1.5 µM (Fig 3.4 F). Nevertheless, 

and as suggested by the results of the EMSAs, the MST data demonstrate increased 
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affinity of Lsh towards the nucleosome in the presence of linker DNA. The data reveal Hill 

coefficients with values of n > 1 and a relatively higher Hill coefficient if the substrate has 

linker DNA (Fig 3.4 F). This suggests cooperative binding of Lsh to nucleosomes with an 

increase in cooperativity in the presence of extranucleosomal DNA. 

3.5 Lsh shows no remodeling activity in vitro 

Since it is not known if Lsh is able to move nucleosomes, in vitro nucleosome mobilization 

assays using substrates with nucleosomes occupying terminal (NPS-NotI), central (NPS-

AvaI and 77-NPS-77) and multiple (-190/+90) positions on the DNA were done. In the 

presence of constant amounts of ATP nucleosomes were incubated with increasing 

concentrations of Lsh. NoRC (nucleolar remodeling complex) was used as positive control, 

which is an ISWI type remodeling enzyme that consists of two subunits, Tip5 and the Snf2H 

ATPase (Manelyte et al., 2014). Reactions were stopped by the addition of competitor DNA 

and were analyzed on native PAA gels (Fig 3.5) (for detailed description of the nucleosome 

mobilization assay, see 5.2.9.5). 

 

 
Fig 3.5: Analysis of the capability of Lsh to mobilize nucleosomes in vitro. 
The capability of Lsh to remodel nucleosomes was studied in in vitro nucleosome mobilization assays using 
different nucleosomal substrates. Reactions were carried out in the presence or absence of ATP (1 mM) as 
indicated. Constant amounts of nucleosomes were incubated with increasing concentrations of Lsh for 60 min at 
30 °C. Reactions were stopped by the addition of competitor DNA and analyzed on 5% native PAA gels. (A) 
Increasing concentrations of Lsh (50 nM–800 nM) were incubated with constant amounts (100 nM) of an end-
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positioned mononucleosome (NPS-NotI). The chromatin remodeling complex NoRC served as positive control 
and moved the nucleosome to a central position on the DNA fragment (remodeled and non-remodeled 
nucleosome are illustrated as sketch). (B) Increasing concentrations of Lsh (50 nM–800 nM) were incubated 
with constant amounts (100 nM) of a centrally-positioned mononucleosome (NPS-AvaI). NoRC moved the 
nucleosome to an end-position on the DNA fragment (remodeled and non-remodeled nucleosome are illustrated 
as sketch). For better visualization of the directional nucleosome movement, non-remodeled NPS-NotI was 
included (lane 3). (C) 50 nM (lane 2) and 400 nM (lane 3) as well as 50–400 nM (lanes 6–9) of Lsh were 
incubated with 30 nM of the centrally-positioned Cy5 labeled mononucleosome 77-NPS-77. 
The positive control NoRC moved the nucleosome to end-positions. (D) Increasing concentrations of Lsh (50 
nM–800 nM) were incubated with 30 nM of nucleosomes positioned on the Cy5 labeled murine rDNA promoter 
region (-190/+90). Nucleosomes were bound by Lsh at higher protein concentrations, and protein-nucleosome 
complexes shifted to the well of the gel, as indicated by an asterisk. NoRC served as positive control and 
moved nucleosomes to central positions on the DNA fragment. 
 
NoRC translocates the NPS-NotI mononucleosome from an end-position to a central 

position (Fig 3.5 A, lane 2), showing that the assay conditions are suitable to study 

chromatin remodeling. The movement of the nucleosome to a central position results in 

slower migration of the nucleosome through the matrix of a native PAA gel, allowing the 

discrimination between end-positioned and more centrally located nucleosomes (Linxweiler 

and Hörz, 1984) (Pennings et al., 1991). Whilst the positive control moves the nucleosome 

as expected, Lsh shows no remodeling activity on NPS-NotI (Fig 3.5 A, lanes 3–7). 

However, end-positioned nucleosomes are probably not the optimal substrate, as 

suggested by the binding assays. Lsh binding affinity towards the nucleosome seems to be 

slightly impeded if there is no linker DNA protruding only from one site of the nucleosomal 

core (see chapter 3.4, Figs 3.4 B–D). For this reason, centrally-positioned mono-

nucleosomes (NPS-AvaI and 77-NPS-77) were assayed in the presence of Lsh and ATP. 

NPS-AvaI is not repositioned by Lsh (Fig 3.5 B, lanes 4–8) whereas NoRC moves the 

nucleosome to an end-position that is equivalent to the position of the NPS-NotI 

mononucleosome (Fig 3.5 B, lanes 2 and 3). The shadow-like band beneath the 

nucleosomal band in lane 6 is not derived from remodeling. It rather must be a gel artefact 

and disappears at higher Lsh concentrations. In addition, the ATPase activity of Lsh is not 

stimulated by the NPS-AvaI mononucleosome (see chapter 3.6.2, Fig 3.7 B). Testing the 

centrally-positioned 77-NPS-77 that contains longer linkers in comparison to NPS-AvaI, Lsh 

again did not exhibit chromatin remodeling activity (Fig 3.5 C). The position of the 

mononucleosome does not change throughout the titration series of Lsh in the presence of 

constant amounts of ATP (Fig 3.5 C, lanes 6–9). In contrast, the positive control NoRC 

moves the 77-NPS-77 mononucleosome from its central position to end-positions (Fig 3.5 

C, lanes 4 and 5). Faster migrating bands representing nucleosomes on undefined 

positions lose intensity in lanes 6 to 9 where Lsh and ATP are present. However, this is not 

an ATP-dependent effect, as illustrated by lanes 2 and 3, which represent reactions 

including Lsh without ATP. Therefore, those nucleosomes are simply bound by Lsh and are 

not relocated on the basis of ATP hydrolysis. By the reconstitution of mononucleosomes on 

the rDNA promoter fragment (position −190 to +90, relative to the transcription start site), a 
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more complex and natural substrate with nucleosomes placed on different positions on the 

fragment was prepared (Fig 3.5 D, lane 1). A substrate with multiple nucleosomes 

potentially allows Lsh more flexibilty in terms of nucleosome mobilization. NoRC served as 

positive control. As previously reported, NoRC-dependent remodeling results in a pattern of 

nucleosome positions that are preferably located close to the center of the DNA (Manelyte 

et al., 2014) (Fig 3.5 D, lane 2). Lsh did not move the nucleosomes in a chromatin 

remodeling like fashion (Fig 3.5 D, lanes 3–5). However, the nucleosomal DNA and the free 

DNA were bound by Lsh and formed a complex that was not able to enter the gel, which is 

probably due to underestimated competitor DNA concentrations (Fig 3.5 D, lanes 5–7). 

Taken together, despite its ability to bind DNA and nucleosomes and its close relationship 

to ATPase subunits of chromatin remodeling complexes, Lsh did not exhibit chromatin 

remodeling activity in vitro.  

3.6 Basic studies on the ATPase activity of Lsh 

Nucleosome mobilization is an ATP-driven process. The energy released from ATP 

hydrolysis is coupled to the remodeling of nucleosomes, which means that the ATPase 

subunit of a chromatin remodeling enzyme is the core for the catalysis of the remodeling 

reaction. Nucleosomes are a natural substrate for chromatin remodelers and usually 

activate the ATPase function of those enzymes. In order to figure out whether the ability of 

Lsh to hydrolyze ATP is stimulated by nucleosomes, a series of ATPase assays was 

performed. 

3.6.1 Establishing reaction conditions for ATPase assays 

To determine assay conditions, the ATPase activity of Chd3 was tested using dsDNA, 

mononucleosomes and a nucleosomal array as substrates. Chd3 is a component of the 

NuRD (nucleosome remodeling and histone deacetylase) complex and, as in the case of 

Lsh, contains the Snf2 typical ATPase domain motifs. Recombinant Chd3 was shown to be 

a nucleosome stimulated ATPase that remodels nucleosomal substrates in an ATP-

dependent manner (Murawska et al., 2008). 

For our purposes, the following conditions were used: 150 nM of Chd3 were incubated with 

DNA (80 nM) or nucleosomes (80 nM mononucleosomes, 43 ng/µl nucleosomal array) in 

the presence of 200 µM ATP (non-radioactive) and [γ-32P]-ATP (0.2 µCi/µl) in the reaction 

buffer (2 mM Tris, 120 mM KCl, 0.15 mM MgCl2, 50 µM EGTA, 1mM DTT, 25 mM imidazole 

final concentrations) for 45 minutes at 30 °C in a final reaction volume of 10 µl. [γ-32P]-ATP 

was added to the reaction mix to monitor ATP hydrolysis. The hydrolyzed phosphate was 
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separated from unreacted ATP by thin layer chromatography. Non-hydrolyzed ATP and 

hydrolyzed phosphate spots were quantified, and amounts of hydrolyzed ATP were 

calculated (see 5.2.9.6). 

Chd3 had weak basal ATPase activity but was stimulated by DNA (2–3-fold) and to a 

significantly greater extent by nucleosomes (4–6-fold), with polynucleosomes (nucleosomal 

array) having the strongest stimulatory effect (Fig 3.6). The results of the ATPase assays 

with Chd3 show that the reaction conditions can be used to examine ATPase activity. 

 

 
Fig 3.6: ATPase activity of Chd3. 
The ATPase activity of recombinant Chd3 (150 nM per reaction) was tested using plasmid DNA (puC18 12x 
601, 80 nM), mononucleosomes (NPS-AvaI and NPS-NotI, 80 nM each), and a nucleosomal array (12x 601, 43 
ng/µl) as substrates. Basal activity of Chd3 was derived by incubating Chd3 only with reaction buffer (white bar). 
Reactions were carried out in 10 µl volumes in the presence of 200 µM ATP (non-radioactive) and minor 
amounts of radioactive ATP (0.2 µCi/µl). Reactions were incubated for 45 min at 30 °C, then pipetted onto a TLC 
plate to separate the hydrolyzed phosphate from unreacted ATP. The percentage of hydrolyzed ATP was calculated 
according to the equation: % (hydrolyzed ATP) = Pi*100/(Pi + ATPnon-hydr), and was corrected for background activity 
arising from non-radioactive ATP. Corrected values were then used to calculate the amount of hydrolyzed ATP in µM. 
Experiments were carried out in biological triplicates, and mean values of hydrolyzed ATP in µM and standard 
deviations were calculated. 
 

3.6.2 The in vitro ATPase activity of Lsh is not stimulated by DNA and 
 nucleosomes 

To elucidate a stimulatory effect of DNA and nucleosomes on the ATPase activity of Lsh, 

ATPase assays were carried out as described for Chd3 (see 3.6.1), with the exception that 

Lsh was added to increasing amounts of substrate. Chd3 was included as positive control. 

Both Lsh and Chd3 showed weak basal ATPase activity (Figs 3.7 A–D, black and white 

bars). 
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Fig 3.7: Analysis of the influence of DNA and nucleosomes on the in vitro ATPase activity of Lsh. 
The ATPase activity of recombinant human Lsh (200 nM per reaction) was tested using (A) plasmid DNA 
(puC18 12x 601, 10–160 nM), (B, C) mononucleosomes (NPS-AvaI and NPS-NotI, 20–320 nM each), and (D) a 
nucleosomal array (12x 601, 10–70 ng/µl) as substrates. Basal activity of Lsh was derived by incubating Lsh 
only with reaction buffer (black bars). Chd3 (150 nM) served as positive control and was incubated with buffer 
only (white bars), and with buffer supplied with DNA (puC18 12x 601, 80 nM), mononucleosomes (NPS-AvaI 
and NPS-NotI, each 80 nM) or a nucleosomal array (12x 601, 43 ng/µl) (light grey bars). Reactions were carried 
out in 10 µl volumes in the presence of 200 µM ATP (non-radioactive) and minor amounts of radioactive ATP 
(0.2 µCi/µl). Reactions were incubated for 45 min at 30 °C, then pipetted onto a TLC plate to separate the 
hydrolyzed phosphate from unreacted ATP. The percentage of hydrolyzed ATP was calculated according to the 
equation: % (hydrolyzed ATP) = Pi*100/(Pi + ATPnon-hydr), and was corrected for background activity arising from non-
radioactive ATP. Corrected values were then used to calculate the amount of hydrolyzed ATP in µM. 
 

However, in contrast to the positive control Chd3, Lsh ATPase was neither activated by 

DNA (Fig 3.7 A) nor by nucleosomes, no matter if mononucleosomes (Figs 3.7 B and C) or 

a nucleosomal array (Fig 3.7 D) were used. Varying concentrations of Lsh (40 nM–1 µM) 

and ATP (10 µM–2 mM) in different molar ratios to each other or changing incubation time 

(30 min–60 min) or salt concentrations (80 mM–150 mM) did not improve the results of the 

ATPase assays (data not shown). Under all the conditions tested, DNA and nucleosomes 

did not stimulate Lsh ATPase activity. 

Contradictory to its proposed function as a chromatin remodeler, the basic in vitro studies to 

characterize a chromatin remodeling enzyme suggest that Lsh is not a nucleosome 

stimulated ATPase and does not mobilize nucleosomes. The lack of an essential interaction 

partner to trigger ATPase activity cannot be ruled out though. Furthermore, Lsh possibly 

possesses a so far not described domain inhibiting ATP binding or hydrolysis, or it needs to 
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recognize certain histone or DNA modifications in order to perform its function. In the 

following, alternative ATPase activating substrates were screened, and it was tried to 

generate deletion mutants of Lsh in order to characterize its ATPase function. 

3.7 Expression and purification of Lsh KR mutant 

At this point, a His-tagged KR mutant of Lsh was included as an internal negative control in 

the ATPase assays. The KR mutant was generated by introducing a point mutation by site-

directed mutagenesis resulting in the exchange of lysine residue K254 to arginine (see 

5.2.1.10). This lysine residue resides in the Walker A motif that is important for ATP binding 

and hydrolysis (Fig 3.8 A). 

 
 

 
Fig 3.8: Generation of an ATPase inactive version of Lsh. 
A version of Lsh deficient of ATPase activity was generated. (A) Illustration of the DExx domain of Lsh. Walker 
A (green) and Walker B motifs (red) are highlighted. Exchanging the lysine residue (K254) by arginine (marked 
by asterisks) in the Walker A motif by site-directed mutagenesis resulted in an ATPase inactive version of Lsh, 
and is called KR mutant. (B, C) Expresssion of 6x His-tagged KR mutant in SF21 insect cells. KR mutant was 
expressed in Sf21 insect cells after infection of cells with 400 µl of virus per 200 ml cell culture. At indicated time 
points, samples of 1x106 cells were taken, and cell extracts were prepared as described (5.2.6.3). (B) Protein 
expression was analyzed by loading cell extracts on a 7.5% SDS gel. 
The gel was stained with Coomassie blue and destained with water. Non-infected cells (CC; lane 2) served as 
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negative control. (C) Additionally, protein expression was analyzed by western blotting using an anti-His 
antibody (HisProbe-HRP; ThermoFisher) for detection of the C-terminal His-tag (see 5.2.3.3). Non-infected cells 
(CC; lane 2) served as negative control. (D) Purification of 6x His-tagged KR mutant. KR mutant was batch-
purified from 200 ml Sf21 insect cells expressing 6x His tagged KR mutant. For analysis, samples taken during 
protein purification were loaded on a 7.5% SDS gel. The gel was stained with Coomassie blue and destained 
with water. The SDS gel illustrates samples taken during protein elution (lanes 1–3) showing successful 
purification of Lsh. E1–E3: elution fractions. B: Ni-NTA beads after elution. 
 

Mutation of the equivalent lysine residue in other Snf2 family proteins has been shown to 

abolish ATPase activity, and consequently nucleosome remodeling activities (Côté et al., 

1994) (Bouazoune and Kingston, 2012). In the presence of ATPase stimulating substrates, 

the ATPase activity of Lsh KR mutant usually was similar to the basal ATPase activity of 

Lsh wild-type enzyme, showing that the KR mutant was fairly inactive and hence is a proper 

internal negative control (see 3.9.2 and 3.9.3). 6x C-terminal His-tagged KR mutant was 

expressed in insect cells as described (see 5.2.6). Expression was analyzed by SDS-PAGE 

and western blotting. The SDS-gel reveals increased protein expression over time, while 

the intensities of all other bands remain the same (Fig 3.8 B). During western blotting the 

membrane was incubated with an anti-His antibody to detect His-tagged Lsh KR mutant. 

On the western blot’s negative control (CC) there is no signal appearing, and corresponding 

to the results of the SDS-PAGE, signal intensities of the expressed KR mutant increase 

with time (Fig 3.8 C). Recombinant KR mutant was purified by batch-purification as 

described (see 5.2.7). Lsh KR mutant was eluted with few contaminants that are only faintly 

visible. As for Lsh wild type, the KR mutant appears as a double band in the elution 

fractions (Fig 3.8 D). 

3.8 Study of the interplay between Lsh and 5-hmC 

5-hydroxy-methylcytosine (5-hmC) is an intermediate in the course of the Ten-eleven 

translocation (Tet) protein-driven DNA demethylation process. The Tet proteins remove 

methyl groups from the DNA by the successive oxidation of 5-mC to 5-hmC, to 5-formyl-

cytosine (5-fC) and to 5-carboxyl-cytosine (5-caC) (Tahiliani et al., 2009) (Ito et al., 2011). 

During Tet mediated DNA demethylation, the oxidized derivatives of 5-mC can be 

converted to cytosine by base excision repair mechanisms (He et al., 2011) (Maiti and 

Drohat, 2011). 

There is evidence suggesting that 5-hmC not only serves as an intermediate of DNA 

demethylation, but also functions as an epigenetic mark with unique regulatory functions 

(Yildirim et al., 2011) (Hashimoto et al., 2012) (Choi et al., 2014). 

Still, several important questions remain regarding the functions of 5-hmC and the other 

oxidized versions of 5-mC. Lsh was identified as a specific reader for 5-hmC in mouse 

neural progenitor cells (NPCs) in a screen for readers for methylcytosine and its oxidized 
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derivates (Spruijt et al., 2013). Lsh promotes phosphorylation of H2AX to γH2AX, and 

thereby contributes to efficient repair of DNA double strand breaks (Burrage et al., 2013). 

Therefore, it has been assumed that Lsh could be involved in a Tet mediated DNA 

demethylation pathway that converts 5-hmC to cytosine via DNA repair mechanisms 

(Spruijt et al., 2013). However, since Lsh is important to maintain and establish DNA 

methylation, it is questionable wether Lsh participates in active DNA demethylation. Lsh 

more likely recognizes 5-hmC and conducts signals mediated by 5-hmC in terms of its 

function as an epigenetic landmark. For example, recruitment of Lsh to 5-hmC could result 

in the stimulation of Lsh ATPase and remodeling activity. 

3.8.1 Lsh binds to hydroxy-methylated and methylated DNA with higher 
 affinity than to unmodified DNA 

The binding of Lsh to 5-mC and 5-hmC modified DNA fragments and unmodified DNA 

fragments was studied by MST in order to confirm specific interaction between Lsh and 5-

hmC, and to quantify binding affinities. For this purpose, the differently modified DNA 

substrates were prepared by PCR. By using a dNTP mix including methyl-dCTP, hydroxy-

methyl-dCTP or dCTP in combination with a fluorescently labeled primer and an unlabeled 

primer, 310 bp long DNA fragments were generated. The DNA fragments contain two HpaII 

restriction sites. Incorporation of methyl groups and hydroxy-methyl groups was analyzed 

by restriction endonuclease digestion with HpaII and its isoschizomer MspI (see 5.2.1.9). 

Subsequently, binding affinities of Lsh to 5-mC and 5-hmC modified DNA as well as 

unmodified DNA were examined by MST. The fluorescently labeled DNA substrates were 

incubated with increasing concentrations of Lsh. Afterwards, the thermophoretic mobility 

was recorded, and the data were used to calculate binding affinities by applying the Hill 

equation (see 5.2.9.4). Lsh exhibits identical binding affinities towards the 5-hmC and 5-mC 

modified DNA fragments (EC50 = 0.3 µM each). In comparison, Lsh has a 3-fold lower 

binding affinity towards unmodified DNA (EC50 = 1µM) (Fig 3.9). 

  



Results 

 
– 53 – 

 
Fig 3.9: Binding affinities of Lsh towards 5-hmC and 5-mC modified and unmodified DNA fragments. 
The binding affinity of Lsh to 5-hmC and 5-mC modified and to unmodified DNA fragments was studied by MST. 
Increasing concentrations of Lsh (2 nM–6200 nM) were incubated with 30 nM of the respective Cy5 labeled 
DNA fragment at 30 °C for 15 min before starting the measurement. For data evaluation the thermophoresis 
signals were normalized to fraction bound (X) by X = (Y(c)-Min)/(Max-Min). EC50 values and Hill coefficients 
were obtained according to the Hill equation f = min+(max-min)/(1+(EC50/abs(x))^n) and are indicated in line 
with the respective DNA fragment. Each MST measurement was done in triplicates, each time using a different 
fraction of purified Lsh and freshly prepared fluorescently labeled DNA, and mean values and standard 
deviations were calculated. 
 

Hill coefficients (n = 2.7 or higher) confirm the high cooperative binding to long dsDNA that 

was already noticed in the MST measurements to differently sized DNA fragments (Fig 3.3 

B). However, DNA modifications do not appear to affect cooperativity indicating that the 

protein’s binding site somehow adopts a structure that fits better to modified DNA 

substrates than to unmodified DNA. Contradictory to the findings by Spruijt and colleagues, 

similar binding of Lsh to both 5-hmC and 5-mC was observed. However, the performed in 

vitro analysis is based on a completely different method. Still, the results of the MST 

measurements are in line with the hypothesis that Lsh interacts with 5-hmC to direct the 

organization of chromatin structures. 

3.8.2 Dinucleosomes stimulate Lsh ATPase activity only under specific 
 assay conditions but not in general 

In order to examine, if the intrinsic capability of Lsh to hydrolyze ATP is stimulated through 

its preferential recognition of 5-mC or 5-hmC in the context of chromatin, dinucleosomes 

containing either methylcytosine, 5-hydroxy-methylcytosine or unmodified cytosine were 

generated and used as substrates in ATPase assays. For this purpose, a DNA sequence 

harbouring two 601 nucleosome positioning sequences seperated by 10 bp (601-10N-601) 

served as template. The differently modified DNA templates were generated by PCR. 

Analysis of incorporation of methylcytosine and 5-hydroxy-methylcytosine was performed 

as described (see 5.2.8.2.3). In combination with chicken histones, 5-hmC and 5-mC 
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  EC50   n   
unmod DNA  1,0 µM  3,0 
5-hmC DNA  0,3 µM            2,9 
5-mC DNA  0,3 µM  2,7 
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modified and unmodified DNA templates were subjected to chromatin assembly. 

Reconstituted dinucleosomes were analyzed on 5% native PAA gels. In contrast to 

mononucleosomes, dinucleosomes may allow Lsh greater flexibility in terms of substrate 

recognition. 

Subsequently, the stimulatory effect of 5-hmC and 5-mC modified and unmodified 

dinucleosomes on Lsh ATPase activity was studied (Figs 3.10–3.12). Buffer compositions 

and incubation time and temperature were kept as described (see 3.6.1). Lsh wild-type 

(WT) and KR mutant (KR) were added in concentrations ranging from 100 nM to 1 µM to 

increasing concentrations of nucleosomal substrates, and different ATP concentrations 

were tested (10 µM ATP, 100 µM ATP, 1 mM ATP). Rates of ATP hydrolysis were 

normalized to the ATP hydrolysis levels exhibited by WT and KR lacking nucleosomal 

substrates (referred to as “Lsh only”). Bars displaying values < 1 mirror signal intensities 

that are weaker than signal intensities of “Lsh only” and thus are not relevant. Therefore, 

values > 1 for WT are supposed to be compared to “Lsh only”, if values for the 

corresponding KR are < 1. In all other cases, WT and corresponding KR are compared to 

each other. A ratio of ATP hydrolysis levels of WT to ATP hydrolysis levels of KR above 2-

fold is interpreted as a stimulatory effect on ATPase activity. Ratios below 2-fold are 

interpreted as “no stimulation of ATPase activity”. 

3.8.2.1 Unmodified dinucleosomes do not strongly stimulate Lsh ATPase activity 

In the presence of 1mM ATP, unmodified dinucleosomes do not stimulate Lsh ATPase (Fig 

3.10 A). Lowering the ATP concentration to 100 µM led to ATP hydrolysis levels of WT that 

were about 1.5-fold higher in comparison to KR or “Lsh only”, independent of nucleosome 

concentrations (Fig 3.10 B). 10 µM ATP and 200 nM protein resulted in a 2-fold higher 

ATPase activity of WT in comparison to KR. Lowering protein concentrations to 100 nM and 

increasing protein concentrations to 500 nM reduced the ATPase activating effect of 

dinucleosomes on WT to 1.5-fold relative to KR, and a further increase in protein 

concentration equalled the hydrolytic activity of WT and KR (Fig 3.10 C). 
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Fig 3.10: Analysis of the influence of unmodified dinucleosomes on the ATPase activity of Lsh. 
The effect of unmodified dinucleosomes on the ATPase activity of Lsh was studied at (A) 1mM ATP, (B) 100 µM 
ATP and (C) 10 µM ATP. Nucleosome concentrations varied from 50 to 150 nM, and concentrations of Lsh WT 
and KR varied from 100 nM to 1000 nM, as indicated. WT is illustrated in black and grey scale bars, KR in blue 
scale and white bars. Reactions were carried out in 10 µl volumes in the presence of the indicated amount of 
ATP (non-radioactive) and minor amounts of radioactive ATP (0.2 µCi/µl). Reactions were incubated for 45 min 
at 30 °C, then pipetted onto a TLC plate to separate the hydrolyzed phosphate from unreacted ATP. The percentage 
of hydrolyzed ATP was calculated according to the equation: % (hydrolyzed ATP) = Pi*100/(Pi + ATPnon-hydr), and was 
corrected for background activity arising from non-radioactive ATP. Corrected values were then used to calculate the 
amount of hydrolyzed ATP in µM. Afterwards, values were normalized to “Lsh only” (WT and KR lacking 
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nucleosomes). WT and corresponding KR were compared to each other, and calculated ratios are displayed, if 
values for WT are > 1 and exceed values for the corresponding KR. Values > 1 for WT were compared to “Lsh 
only” (corresponds to a value = 1, indicated by a black line), if values for the corresponding KR are < 1. Values 
< 1 can be ignored as signal intensities are weaker than for “Lsh only”. 
 

Repetition of these assays (see Appendix) confirmed the results shown here, 

demonstrating that WT ATPase activity in general is only about 1.5-fold higher in 

comparison to the ATPase activity of KR at ATP concentrations below 1 mM. Therefore, 

unmodified dinucleosomes in general do not significantly stimulate Lsh ATPase activity. 

Nevertheless, under specific reaction conditions, a mild stimulatory effect on the protein’s 

ATPase activity in the range of 2-fold was observed.  

3.8.2.2 5-hmC modified dinucleosomes considerably stimulate Lsh ATPase but only 

  under specific assay conditions 

As in the case of unmodified dinucleosomes, hydroxy-methylated dinucleosomes have no 

stimulating impact on Lsh ATPase in the presence of 1 mM ATP (Fig 3.11 A). Reduction to 

100 µM ATP results in an overall 1.5-fold higher WT ATPase activity in relation to the 

corresponding KR mutant or “Lsh only” (Fig 3.11 B). With 10 µM ATP, lowering protein 

concentrations from 1 µM to 100 nM causes a stepwise increase in the hydrolytic activity of 

WT ranging from about 1.4-fold (500 nM Lsh) to about 2.3-fold (200 nM Lsh) to about 2.5–

3-fold (100 nM Lsh) relative to the hydrolytic activity of KR (Fig 3.11 C). 
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Fig 3.11: Analysis of the influence of hydroxy-methylated dinucleosomes on the ATPase activity of Lsh. 
The effect of hydroxy-methylated dinucleosomes on the ATPase activity of Lsh was studied at (A) 1mM ATP, 
(B) 100 µM ATP and (C) 10 µM ATP. Nucleosome concentrations varied from 50 to 150 nM, and concentrations 
of Lsh WT and KR varied from 100 nM to 1000 nM, as indicated. WT is illustrated in black and grey scale bars, 
KR in blue scale and white bars. Reactions were carried out in 10 µl volumes in the presence of the indicated 
amount of ATP (non-radioactive) and minor amounts of radioactive ATP (0.2 µCi/µl). Reactions were incubated 
for 45 min at 30 °C, then pipetted onto a TLC plate to separate the hydrolyzed phosphate from unreacted ATP. The 
percentage of hydrolyzed ATP was calculated according to the equation: % (hydrolyzed ATP) = Pi*100/(Pi + ATPnon-hydr), 
and was corrected for background activity arising from non-radioactive ATP. Corrected values were then used to 
calculate the amount of hydrolyzed ATP in µM. Afterwards, values were normalized to “Lsh only” (WT and KR 
lacking nucleosomes). WT and corresponding KR were compared to each other, and calculated ratios are 
displayed, if values for WT are > 1 and exceed values for the corresponding KR. Values > 1 for WT were 
compared to “Lsh only” (corresponds to a value = 1, indicated by a black line), if values for the corresponding 
KR are < 1. Values < 1 can be ignored as signal intensities are weaker than for “Lsh only”. 
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Repeating the experiments (see Appendix) substantiated the findings. 5-hmC modified 

dinucleosomes have no strong stimulatory effect on Lsh ATPase activity in the presence of 

1 mM ATP and 100 µM ATP. In contrast, 5-hmC modified dinucleosomes in combination 

with 10 µM ATP and specific Lsh concentrations enabled stimulation of Lsh WT ATPase 

activity that was about 2–3-fold higher relative to the activity of KR. This indicates that 5-

hmC modified dinucleosomes can considerably stimulate Lsh, but only under very well 

defined experimental conditions. 

3.8.2.3 The Lsh ATPase is not stimulated by methylated dinucleosomes 

Using methylated dinucleosomes in various concentrations in combination with different 

protein concentrations and ATP concentrations of 1 mM ATP, 100 µM ATP and 10 µM 

ATP, the ratios of ATP hydrolysis levels of WT to ATP hydrolysis levels of KR were far 

below 2-fold (Figs 3.12 A–C). Therefore, methylated dinucleosomes represent an even 

weaker substrate and do not stimulate Lsh ATPase activity. 
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Fig 3.12: Analysis of the influence of methylated dinucleosomes on the ATPase activity of Lsh. 
The effect of methylated dinucleosomes on the ATPase activity of Lsh was studied at (A) 1mM ATP, (B) 100 µM 
ATP and (C) 10 µM ATP. Nucleosome concentrations varied from 50 to 150 nM, and concentrations of Lsh WT 
and KR varied from 100 nM to 1000 nM, as indicated. WT is illustrated in black and grey scale bars, KR in blue 
scale and white bars. Reactions were carried out in 10 µl volumes in the presence of the indicated amount of 
ATP (non-radioactive) and minor amounts of radioactive ATP (0.2 µCi/µl). Reactions were incubated for 45 min 
at 30 °C, then pipetted onto a TLC plate to separate the hydrolyzed phosphate from unreacted ATP. The percentage 
of hydrolyzed ATP was calculated according to the equation: % (hydrolyzed ATP) = Pi*100/(Pi + ATPnon-hydr), and was 
corrected for background activity arising from non-radioactive ATP. Corrected values were then used to calculate the 
amount of hydrolyzed ATP in µM. Afterwards, values were normalized to “Lsh only” (WT and KR lacking 
nucleosomes). WT and corresponding KR were compared to each other. Values > 1 for WT were compared to 
“Lsh only” (corresponds to a value = 1, indicated by a black line), if values for the corresponding KR are < 1. 
Values < 1 can be ignored as signal intensities are weaker than for “Lsh only”. 
 

Taken together, this work shows biochemical analyses to unveil whether the proposed 

remodeling capability of Lsh plays a role in the interpretation of 5-hmC as an epigenetic 

mark that is suggested to recruit specific readers to direct changes in chromatin structure. 

In doing so, 5-hmC and 5-mC modified and unmodified substrates were used in in vitro 

binding studies and ATPase assays. Lsh shows higher binding affinity to 5-hmC and 5-mC 

modified DNA than to unmodified DNA, and its ATPase activity is relatively strongly 

stimulated by 5-hmC modified dinucleosomes. However, it is of note that considerable 

ATPase stimulation was only detected at an ATP concentration of 10 µM, indicating a low 

ATP hydrolysis rate. 
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3.9 The stimulation of the ATPase activity of Lsh is 
 induced by RNA and enhanced by nucleosomes  

At this point, it still remains unclear what kind of substrate is required to induce stimulation 

of Lsh ATPase activity at conditions that are closer to physiological ones, meaning ATP 

concentrations higher than 10 µM, at best in the millimolar range, implying a relative 

increase in the ATP hydrolysis rate. In addition, it has to be mentioned that relative and not 

absolute values of ATP hydrolysis have been inspected in the previous chapter, which was 

mainly due to the large amount of tested combinations. 

Further screenings for ATPase activating substrates examined RNA as a potential target. 

3.9.1 Lsh binds to single-stranded RNA with higher affinity than to DNA 

To unveil if RNA is a candidate that could activate the ATPase function of Lsh, the binding 

affinity of Lsh to single-stranded (ss) RNA was initially investigated by EMSA (see 

5.2.9.2.2). Increasing concentrations of Lsh were incubated with constant amounts of FAM 

labeled ssRNA with a size of about 30 bp, and reactions were analyzed on a 5% native 

PAA gel. As illustrated, Lsh binds the RNA forming a Lsh-RNA complex that is shifted to the 

well of the gel (Fig 3.13 A). 

 
Fig 3.13: Binding affinities of Lsh to RNA and DNA. 
(A) The binding affinity of Lsh to RNA was studied by EMSA. Increasing concentrations of Lsh (12.5 nM–1.6 
µM) were titrated to 25 nM FAM labeled ssRNA of 30 bp in size (En3D_RNA). After incubation for 30 min at 30 
°C protein-RNA complexes were separated from free RNA on a 5% native PAA gel. The gel was visualized on a 
fluorescence image reader. The protein-RNA complex shifted to the well of the gel is indicated by an asterisk. 
(B) Binding affinities of Lsh towards RNA and DNA were measured by MST. Increasing concentrations of Lsh 
(0.5 nM–2200 nM) were titrated to 40 nM of either ssRNA (En3D_RNA; FAM labeled), dsDNA (En3D_DNA; Cy5 
labeled), or ssDNA (En3D_rev; Cy5 labeled). RNA and DNA substrates are of the same size (30 bp) and 
sequence. Reactions were incubated at 30 °C for 15 min before starting the measurement. For data evaluation, 
the thermophoresis signals were normalized to fraction bound (X) by X = (Y(c)-Min)/(Max-Min). EC50 values and 
Hill coefficients were obtained according to the Hill equation f = min+(max-min)/(1+(EC50/abs(x))^n) and are 
indicated in line with the respective substrate. Each measurement was done in triplicates, each time using a 
different fraction of purified Lsh. Mean values and standard deviations were calculated. 
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In a next step, the binding affinity of Lsh towards ssRNA in comparison to the affinity of Lsh 

to dsDNA and ssDNA was analyzed by microscale thermophoresis (see 5.2.9.4). The 

ssRNA is FAM labeled, dsDNA and ssDNA are Cy5 labeled, and all the three nucleic acids 

have the same sequence and a size of 30 bp. Constant amounts of the respective nucleic 

acid were added to increasing concentrations of Lsh. The thermophoretic mobility was 

recorded on a Nanotemper device, and binding affinities were calculated by applying the 

Hill equation. Lsh binds to ssRNA with comparably high affinity exhibiting an EC50 value of 

0.4 µM, whereas the dsDNA is bound with an affinity that is nearly 5 times lower (EC50 = 

1.85 µM). Hill coefficients > 1 with negligible differences to each other indicate similar 

cooperative binding to ssRNA and dsDNA. Interestingly, ssDNA with the same size and 

same sequence as the ssRNA is not bound by Lsh, confirming the preferential binding of 

Lsh towards RNA (Fig 3.13 B). 

3.9.2 The ATPase activity of Lsh is stimulated by total RNA 

Observing binding of Lsh to a ssRNA oligonucleotide, RNA was used as substrate in 

ATPase assays. As it is not known what sort of RNA stimulates Lsh ATPase, total RNA was 

extracted with TRIzol® (Thermofisher) from two different types of cells, namely D. 

melanogaster and HeLa cells. The quality of isolated total RNA was analyzed by agarose 

gel electrophoresis (see 5.2.2). ATPase assays were performed with increasing 

concentrations of total RNA and constant amounts of Lsh (200 nM). Apart from this, assays 

were carried out as described (see 3.6.1 and 5.2.9.6). In most of the cases, about two times 

more ATP was hydrolyzed when RNA was present, if compared to the basal activity of Lsh, 

which was quite low. This indicates that RNA stimulates Lsh ATPase activity (Fig 3.14 A). 

 

 

A

B

C
1"mM"ATP

200"µM"ATP

0"

2"

4"

6"

8"

10"

0" 25" 50" 100" 200" 400" 800"

AT
P"
hy
dr
ol
ys
is"
(µ
M
)"

total"RNA"(ng)"

Lsh"only"

Lsh"+"HeLa"RNA"

Lsh"+"drosophila"RNA"

0"

2"

4"

6"

8"

10"

12"

0" 25" 50" 100" 200" 400" 800"

AT
P"
hy
dr
ol
ys
is"
(µ
M
)"

total"RNA"(ng)"

WT"only"

KR"only"

WT"+"total"RNA"(HEK293)"

KR"+"total"RNA"(HEK293)"

0"

5"

10"

15"

20"

25"

30"

0" 25" 50" 100" 200" 400" 800"

AT
P"
hy
dr
ol
ys
is"
(µ
M
)"

total"RNA"(ng)"

WT"only"

KR"only"

WT"+"total"RNA"(HEK293)"

KR"+"total"RNA"(HEK293)"

200"µM"ATP



Results 

 
– 62 – 

 
 

 
Fig 3.14: Effect of total RNA on the ATPase activity of Lsh. 
The ATPase activity of Lsh was studied using total RNA as substrate. (A) Increasing amounts of total RNA (25 
ng–800 ng) isolated from D. melanogaster and HeLa cells were incubated with 200 nM of Lsh WT in the 
presence of 200 µM non-radioactive ATP. (B) Increasing amounts of total RNA (25 ng–800 ng) isolated from 
HEK293 cells were incubated with 200 nM of Lsh WT (grey bars) and Lsh KR (light blue bars) in the presence 
of 200 µM non-radioactive ATP. (C) ) Increasing amounts of total RNA (25 ng–800 ng) isolated from HEK293 
cells were incubated with 200 nM of Lsh WT (grey bars) and Lsh KR (light blue bars) in the presence of 1 mM 
non-radioactive ATP. Lsh WT (black bars) and Lsh KR (dark blue bars) lacking total RNA in the mixture served as 
controls. Reactions were incubated with minor amounts of radioactive ATP (0.2 µCi/µl) for 45 min at 30 °C in a 
volume of 10 µl, and were pipetted onto a TLC plate to separate hydrolyzed phosphate from unreacted ATP. 
Percentage of hydrolyzed ATP was calculated according to the equation: % (hydrolyzed ATP) = Pi*100/(Pi + ATPnon-hydr), 
and was corrected for background activity arising from non-radioactive ATP and total RNA preparations. Corrected 
values were used to calculate hydrolyzed ATP in µM. 
 

However, the KR mutant as an internal control was not integrated in these assays. 

Therefore, the assay was repeated but with total RNA isolated from HEK293 cells, and 

including the KR mutant. KR including total RNA displayed levels of hydrolyzed ATP that 

were comparable to the levels exhibited by Lsh WT and KR lacking RNA. Lsh WT was 

mostly about two times more active than KR (Fig 3.14 B), showing that Lsh WT is 

stimulated by total RNA and confirming that the KR mutant is basically inactive. 

Since ATP concentrations in cells are in the millimolar range, an ATPase assay with total 

RNA isolated from HEK 293 cells was performed, this time with 1 mM ATP. The results of 

the assay demonstrate the ATPase activating effect of total RNA. In the presence of RNA, 

ATP hydrolysis levels exhibited by Lsh WT were at least two times higher than ATP 
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hydrolysis levels exhibited by KR (KR with and without RNA) and WT lacking RNA (Fig 3.14 

C). To ensure that it is RNA that causes the ATPase stimulation and not a contamination 

coming from the preparation of the total RNA, the assay was repeated with preceding 

isolation of total RNA using the NucleoSpin® RNA isolation kit (Macherey-Nagel) instead of 

TRIzol. The results confirmed the findings of the previous assays (see Appendix). 

Still, the question remains open how Lsh is mechanistically involved in DNA methylation. In 

view of the hypothesis that Lsh is a chromatin remodeler enabling Dnmts to methylate 

DNA, RNA could act as a trigger inducing Lsh ATPase activity, and could therefore be 

essential for the proposed chromatin remodeling function of Lsh. If Lsh was an RNA 

activated remodeler, Lsh would have to interact with both RNA and nucleosomes. 

3.9.3 Lsh ATPase activity is enhanced by nucleosomes in the presence 
 of total RNA 

In order to find out, if the combination of RNA and nucleosomes leads to stimulation of Lsh 

ATPase activity exceeding the impact of RNA by its own, different nucleosomes (Table 3.2) 

combined with total RNA isolated from HEK293 cells were tested as substrates in ATPase 

assays.  

 
nucleosome complexity modification 

NPS-AvaI mononucleosome n/a 

NPS-NotI mononucleosome n/a 

77-NPS-77 mononucleosome n/a 

unmod 601-10n-601 dinucleosome n/a 

5-hmC 601-10n-601 dinucleosome 5-hmC 

5-mC 601-10n-601 dinucleosome 5-mC 

12x601 array n/a 

Table 3.2: Overview on nucleosomal substrates used in combination with total RNA in ATPase assays. 
The name of the nucleosome, its complexity (mono- or dinucleosome or nucleosomal array) and DNA 
modifications (none, hydroxy-methylated or methylated cytosine residues) on the substrate are indicated. 
 

Nucleosomes were prepared as described (see 5.2.8) and were analyzed on 5% native 

PAA gels (Fig 3.15). 
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Fig 3.15: Nucleosome assemblies used in ATPase assays. 
Nucleosomes were reconstituted on the DNA templates with chicken histones by salt gradient dialysis. (A) and (B) 
The DNA templates NPS-NotI and NPS-AvaI were generated by digesting the plasmid pUC18 12x601 either with NotI 
or AvaI. Nucleosomes were reconstituted, and assemblies were analyzed on 5% native PAA gels. The position of the 
nucleosome on the DNA fragment is outlined. (C) The DNA fragment 77-NPS-77 was generated by PCR, assembled 
into chromatin and analyzed on 5% native PAA gels. Nucleosome positions on the DNA fragments are illustrated. (D) 
To generate differently DNA modified dinucleosomes, hydroxy-methylated, methylated and unmodified templates 
were produced by PCR, incorporation of the modification was analyzed by restriction enzyme digestion, and 
nucleosomes were reconstituted on the DNA templates. Assemblies were analyzed on 5% native PAA gels. Unmod: 
Unmodified dinucleosome; 5-hmC: hydroxy-methylated dinucleosome; 5-mC: methylated dinucleosome. (E) Circular 
chromatin was assembled on pUC18 12x601 plasmid DNA, and the assembly was analyzed by the digestion of 2 µg 
of chromatin with MNase. Reaction was stopped after 30, 60 and 270 sec incubation time. After digestion with 
proteinase K, DNA was precipitated and analyzed on a 1.3% agarose gel stained with ethidium bromide. The 
nucleosomal ladder generated by MNase digestion is shown, and mono- di- and trinucleosomes are indicated (1n–3n). 
 

In the activity assays, Lsh WT and KR as well as total RNA were kept constant, while 

nucleosomes were added in increasing concentrations. WT and KR without substrate (WT 

only and KR only) and only with total RNA as substrate (WT+RNA and KR+RNA) served as 

controls. Since the ATPase activity of Lsh is not induced by nucleosomes, Lsh WT and KR 

with nucleosomes as sole substrate were included as reference for comparison. As 

expected, Lsh WT was about two times more active than KR when only total RNA was 

present as substrate. Throughout the experiments, Lsh WT and KR in combination solely 

with nucleosomes showed ATPase activity that was similar to the basal activity of WT and 

KR lacking substrates (Figs 3.16 A–C). 
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Fig 3.16: Effect of total RNA in combination with nucleosomes on the ATPase activity of Lsh. 
The ATPase activity of Lsh was studied using combinations of total RNA and nucleosomes as substrates. 
Increasing amounts of (A) mononucleosomes (25 nM–100 nM of NPS-AvaI; upper panel, NPS-NotI; middle 
panel, and 77-NPS-77; lower panel), (B) dinucleosomes (25 nM–100 nM of unmodified dinucs; upper panel, 
hydroxy-methylated dinucs; middle panel, and methylated dinucs; lower panel) and (C) nucleosomal array (70–
140 ng of 12x601 nuc array) were incubated with 200 nM of Lsh WT or Lsh KR in the presence (grey and 
turquoise bars) or absence (light grey and white bars) of total RNA isolated from HEK293 cells. Lsh WT (black 
bars) and Lsh KR (dark blue bars) lacking total RNA as well as Lsh WT+RNA (dark grey bars) and Lsh KR+RNA 
(light blue bars) served as controls. Mixtures contained 1 mM non-radioactive ATP and minor amounts of 
radioactive ATP (0.2 µCi/µl) and were incubated for 45 min at 30 °C in a total volume of 10 µl. Reactions were 
pipetted onto a TLC plate to separate the hydrolyzed phosphate from unreacted ATP. The percentage of hydrolyzed 
ATP was calculated according to the equation: % (hydrolyzed ATP) = Pi*100/(Pi + ATPnon-hydr), and was corrected for 
background activity arising from non-radioactive ATP and total RNA preparations. Corrected values were then used to 
calculate the amount of hydrolyzed ATP in µM. Experiments were carried out in biological triplicates, each time 
using a different fraction of purified Lsh WT and KR, and mean values of hydrolyzed ATP in µM and standard 
deviations were calculated. 
 

AvaI mononucleosomes did not cause additional ATPase activation when they were 

combined with RNA (Fig 3.16 A, upper panel). In comparison to levels of WT+RNA, ATP 

hydrolysis levels were increased to some extent when Lsh WT was incubated with NotI 

mononucleosomes and RNA. Yet, there were also minor increases in ATP hydrolysis levels 

exhibited by the KR mutant when the mutant was combined with RNA and NotI 

mononucleosomes (Fig 3.16 A, middle panel). With increasing concentrations, the 77-NPS-

77 nucleosomal substrate appears to slightly increase WT ATPase activity in the presence 

of RNA (Fig 3.16 A, lower panel). However, in a sum, the addition of mononucleosomes 

does not seem to result in a stimulation of Lsh WT ATPase activity that clearly exceeds the 

impact of RNA alone on the ATPase activity of Lsh. 

ATPase assays with differently DNA modified dinucleosomes displayed a divergent picture. 

Unmodified and hydroxy-methylated dinucleosomes combined with total RNA enhanced 

WT ATPase activity, and this effect was stronger than the effect of the 77-NPS-77 

mononucleosome. (Fig 3.16 B, upper panel and middle panel). With a view to the 

suggested active involvement of Lsh in DNA demethylation (Spruijt et al., 2013) but also 

considering the interpretation of 5-hmC as an epigenetic mark, it is to note that  
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differences in the modification status of the DNA template, unmodified or hydroxy-

methylated, had no influence on ATPase activity (Fig 3.16 B, upper panel and middle 

panel). This argues against a participation of Lsh in DNA demethylation and questions 

whether Lsh responds to the epigenetic signaling function of 5-hmC by mobilizing 

nucleosomes. Interestingly, methylated dinucleosomes rather seem to repress RNA 

induced ATPase activity, especially at higher nucleosome concentrations (Fig 3.16 B, lower 

panel). 

Stimulation of Lsh ATPase activity was even more pronounced when total RNA was 

combined with a nucleosomal array. The ATPase activity of WT was consistently three 

times stronger relative to the activity of WT and KR lacking substrates, and also relative to 

the activity of KR that was incubated with total RNA and nucleosomal array (Fig 3.16 C). 

Taken together, the results indicate a stimulatory effect of nucleosomes on RNA-induced 

ATPase activity of Lsh. Furthermore, boosting impacts of nucleosomes on the Lsh ATPase 

appear to depend on the complexity of the nucleosomal substrate. 

3.9.4 Competitive binding of RNA, naked DNA and nucleosomal DNA to 
 Lsh 

The capability of Lsh to bind nucleosomal DNA and RNA has been demonstrated (Fig 3.4 

and Fig 3.13). Nevertheless, the binding experiments were performed independently of 

each other. To figure out how RNA and nucleosomes have an influence on each other’s 

interaction with Lsh we aimed to study the binding behavior of Lsh to RNA in the presence 

of nucleosomal DNA in vitro. Therefore, the binding of Lsh to RNA was first examined in the 

presence of naked DNA by performing competitive EMSAs (see 5.2.9.3). Cy5 labeled 

dsDNA and FAM labeled ssRNA oligonucleotides of the same size and sequence served 

as substrates. First, a Lsh-RNA complex was built by incubating Lsh with RNA, using a 

ratio of concentrations that would result in a band shift in the gel indicating the formation of 

a complex as previously demonstrated (see chapter 3.9.1; Fig 3.13 A). Afterwards the Lsh-

RNA complex was added to increasing concentrations of dsDNA. Binding reactions were 

analyzed on native PAA gels by scanning both of the fluorescent signals. Images were 

merged, in order to present them as an overlay picture. To view all image details, images 

are also shown individually (Fig 3.17). 
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Fig 3.17: Competitive binding of RNA and DNA to Lsh. 
The influence of RNA and DNA on their respective interaction with Lsh was studied in competitive EMSAs. 
(A) Increasing conentrations (3–400 nM) of a 30 bp long Cy5 labeled dsDNA oligonucleotide (En3D_DNA) were 
incubated with a pre-formed complex of Lsh (800 nM) and a 30 bp FAM labeled ssRNA (En3D_RNA; 25 nM). 
(B) Increasing concentrations (3–800 nM) of 30 bp long FAM labeled ssRNA oligonucleotide (En3D_RNA) were 
incubated with a pre-formed complex of Lsh (800 nM) and 30 bp long Cy5 labeled dsDNA (En3D_DNA; 25 nM). 
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The RNA and DNA as well as Lsh/RNA and Lsh/DNA complexes served as controls. Reactions were incubated 
for 15 min at 30 °C, loaded on 5% native PAA gels and analyzed by fluorescence scanning. Gel images are 
illustrated as channel overlays (upper panels) and single representation of channels (middle panels and lower 
panels). Free DNA, free RNA and degraded RNA are indicated. Asterisks indicate complex formations. 
 

As expected, Lsh forms a complex with RNA that shifts to the well of the gel (Fig 3.17 A, 

lane 2). The DNA begins to displace the RNA at a molar ratio of 4:1 of DNA:RNA (100 nM 

DNA:25 nM RNA) (Fig 3.17 A, lane 9) until all of the RNA is set free and the DNA exists in 

excess amounts (Fig 3.17 A, lanes 10 and 11). However, even at a molar ratio of 4:1 some 

of the RNA still seems to be bound by Lsh, as fluorescent signals overlap (Fig 3.17 A, lane 

9). Overlapping signals plus the displacement of RNA at increased DNA concentrations 

suggest that both substrates interact with the same binding site of Lsh. 

Next, the vice-versa experiment was done, building a Lsh-DNA complex (Fig 3.17 B, lane 

2) and incubating the Lsh-DNA complex with increasing concentrations of RNA. The DNA 

remains associated with Lsh even at excess amounts of RNA (Fig 3.17 B, lanes 10–12), 

although some of the DNA is released, starting at a molar ratio of DNA to RNA of 1:4 (25 

nM DNA:100 nM RNA) (Fig 3.17 B, lanes 9–12). In conclusion, this competitive EMSA 

indicates that Lsh and DNA form a stable complex, and RNA as a second binding partner is 

not able to remove the DNA from its binding site, or at least not completely. 

At first glance, the result appears to be contradictory to the findings that Lsh binds to 

ssRNA with higher affinity than to dsDNA (see chapter 3.9.1, Fig 3.13 B). Usually, high 

affinity interactions imply fast complex formation (high on-rate) combined with slow complex 

dissociation (slow off-rate). However, high affinity binding can also be characterized by a 

high on-rate and a high off-rate. Assuming that a second binding partner reveals slow on- 

and off-rates, one would obtain the following picture: Since the MST data suggest faster 

binding of Lsh to RNA than to dsDNA, RNA is bound to Lsh relatively quickly but the half-

life of the complex is probably quite short (high on/off-rate). Thus, a competing binding 

partner is able to displace the RNA. The comparably slower binding of Lsh to dsDNA could 

be explained with a slow on-rate, which is usually accompanied by a slow off-rate. This 

would mean, once the Lsh-DNA complex is formed, the complex is relatively stable. Hence, 

the Lsh-DNA complex may have a relatively long half-life, which is why displacement of the 

DNA was not observed in the competitive binding assays.  

Following the competitive EMSAs with RNA and naked DNA, competitive EMSAs were 

performed again with RNA, but this time using nucleosomal DNA instead of naked DNA 

(Fig 3.18). 
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Fig 3.18: Competitive binding of RNA and nucleosomes to Lsh. 
The influence of RNA and nucleosomes on their respective interaction with Lsh was studied in competitive 
EMSAs. (A) Increasing concentrations (3–400 nM) of a Cy3 labeled mononucleosome (77-NPS-77) were 
incubated with a pre-formed complex of Lsh (800 nM) and a 30 bp FAM labeled ssRNA (En3D_RNA; 25 nM).  
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(B) Increasing concentrations (6–800 nM) of 30 bp FAM labeled ssRNA oligonucleotide (En3D_RNA) were 
incubated with a pre-formed complex (referred to as Lsh/Nuc) of Lsh (800 nM) and Cy3 labeled 77-NPS-77 
(25 nM). RNA and 77-NPS-77 as well as Lsh/RNA and Lsh/Nuc complexes served as controls. Reactions were 
incubated for 15 min at 30 °C, loaded on 5% native PAA gels and analyzed by fluorescence scanning. Gel 
images are illustrated as channel overlays (upper panels) and single representation of channels (middle panels 
and lower panels). Unbound nucleosome and RNA are indicated. Asterisks indicate complex formations. 
 

The FAM labeled RNA was incubated with Lsh in order to form a complex that was added 

to increasing amounts of Cy3 labeled nucleosomal DNA. For this purpose, the 77-NPS-77 

nucleosome was chosen, a nucleosome bound quite well by Lsh (see Figs 3.5 D and F). 

RNA remains associated with Lsh at lower nucleosome concentrations, up to a molar ratio 

of nucleosome to RNA of 1:1 (25 nM nucleosomes:25 nM RNA). At a molar ratio of 1:1, 

fluorescent signals overlap in the well of the gel, pointing to a simultaneous binding of RNA 

and nucleosome by Lsh at this stage (Fig 3.18 A, lane 7). Then, the nucleosome begins to 

displace the RNA (Fig 3.18 A, lane 8) until the RNA is completely released and the 

nucleosome is present in excess amounts (Fig 3.18 A, lanes 9 to 11). The result indicates 

that RNA and nucleosomal DNA interact with the same binding region of Lsh. In the vice-

versa experiment with a Lsh-nucleosome complex and increasing concentrations of ssRNA, 

the nucleosome remained stably bound and was not displaced by the RNA, not even at 

excess amounts of RNA (Fig 3.18 B). 

Considering the individual MST experiments, Lsh seems to bind to ssRNA with higher 

affinity than to the 77-NPS-77 nucleosome (see Figs 3.4 F and 3.13 B). However, these 

experiments were not done in parallel, which may be delicate in terms of an interpration as 

direct comparisons. However, if one again assumes a high on/off-rate when Lsh binds to 

RNA and a comparably slow on/off-rate when Lsh binds to nucleosomes, the MST data and 

the results of the competitive EMSAs fit together, as explained previously. 

The competitive binding assays presented in this chapter did not include ATP in the 

reaction buffer. Since RNA stimulates the ATPase activity of Lsh in vitro, competitive 

binding behavior of Lsh to RNA and naked DNA or nucleosomal DNA might change in the 

presence of ATP. This is why ATP was included in the binding assays presented in the 

following. 
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3.9.5 The capability of Lsh to hydrolyze ATP improves the binding 
 affinity of Lsh towards RNA 

To figure out whether the capability to hydrolyze ATP makes an impact on the binding of 

Lsh to RNA and nucleosomes, EMSAs were performed in the presence of ATP, and 

binding affinities of Lsh WT and Lsh KR were compared. FAM labeled RNA and a Cy3 

labeled nucleosome (77-NPS-77) were used as substrates. First, the binding of WT and KR 

to the 77-NPS-77 nucleosome was analyzed by adding increasing concentrations of either 

WT or KR to constant amounts of nucleosome. Reactions were loaded on 5% native PAA 

gels, and gels were documented on a laser scanner. WT and KR appear to have similar 

binding affinities towards the 77-NPS-77 nucleosome (Fig 3.19), which was expected as 

nucleosomes by their own do not stimulate Lsh ATPase. 

 

 

 
Fig 3.19: Binding affinity of Lsh towards nucleosomes in the presence of ATP. 
The binding of Lsh to mononucleosomal DNA in the presence of ATP was studied by EMSA. Increasing 
concentrations (35 nM–2.5 µM) of (A) Lsh WT and (B) Lsh KR mutant were incubated with constant amounts of 
Cy3 labeled mononucleosomal DNA (77-NPS-77; 25 nM) in the presence of 1 mM ATP for 30 min at 30 °C. 
Reactions were analyzed on 5% native PAA gels and visualized by fluorescence scanning. Asterisks indicate 
protein-nucleosome complexes. 
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EMSAs using the RNA as substrate revealed minor but detectable differences in the 

binding behavior of Lsh WT in comparison to KR. Retarded mobility due to complex 

formation and the entire shift of the complex to the well of the gel appear to happen at lower 

concentrations of WT (Fig 3.20 A) relative to concentrations of KR (Fig 3.20 B). 

The findings suggest that the capability to hydrolyze ATP is beneficial to the binding affinity 

of Lsh towards RNA. 

 

 

 
Fig 3.20: Binding affinity of Lsh towards RNA in the presence of ATP. 
The binding of Lsh to ssRNA in the presence of ATP was studied by EMSA. Increasing concentrations (75 nM–
2.5 µM) of (A) Lsh WT and (B) Lsh KR mutant were incubated with constant amounts of FAM labeled 30 bp 
long ssRNA (En3D_RNA; 25 nM) in the presence of 1 mM ATP for 30 min at 30 °C. Reactions were analyzed 
on 5% native PAA gels and visualized by fluorescence scanning. Asterisks indicate protein-RNA complexes that 
are shifted to the well of the gel. 
 

In competitive EMSAs with pre-incubated Lsh-RNA complexes (WT/RNA in Fig 3.21 A, and 

KR/RNA in Fig 3.21 B) and increasing amounts of nucleosome, it seems that in comparison 

to KR, higher amounts of nucleosome are needed to completely displace the RNA from WT 

(Fig 3.21). In consequence of the higher binding affinity of RNA to WT than to KR (see Fig 

3.20) and more rapidly occuring dissociation of RNA from KR than from WT in the presence 

of ATP, the results emphasize the importance of RNA for nucleosome-enhanced ATPase 

activity. 
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Fig 3.21: Competitive binding of RNA and nucleosomes to Lsh in the presence of ATP. 
The influence of RNA and nucleosomes on each other’s interaction with Lsh in the presence of ATP was 
studied in competitive EMSAs. Increasing conentrations (12.5–800 nM) of Cy3 labeled mononucleosomal DNA 
(77-NPS-77) were incubated with a pre-formed complex of (A) Lsh WT (800 nM) and 30 bp long FAM labeled 
ssRNA (25 nM) and (B) Lsh KR mutant (800 nM) and 30 bp long FAM labeled ssRNA (En3D_RNA; 25 nM) for 
15 min at 30 °C. RNA, 77-NPS-77 as well as WT/RNA and KR/RNA complexes served as controls. Reactions 
were loaded on 5% native PAA gels and analyzed by fluorescence scanning. Gel images are illustrated as 
channel overlays. Unbound nucleosome and RNA are indicated. Asterisks indicate complexes shifted to the 
wells of the gel. 

3.9.6 Lsh ATPase activity is preferentially induced by structured RNAs 

To figure out how RNA structure influences the enzyme’s ATPase activity, differently 

structured RNAs of different length were tested in ATPase assays. Two different about 60 

nt long RNAs that form stem-loops in solution (L10 and L17; precursor-microRNAs from D. 

melanogaster) and two about 500 nt long, GC rich and highly structured RNAs that depict 

parts from the long non-coding RNA TINCR (T546 and T3460; (Kretz et al., 2013)), as well 

as a 30 nt long single stranded RNA that is unable to-fold into stem-loops (En3D) served as 

substrates. RNA secondary structures were predicted on the RNAfold web server 

(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) (Lorenz and Bernhart, 2011), using the 

program’s default parameters and are illustrated in Fig 3.22. Values for the calculated 

minimum free energy (MFE) are indicated. 
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Figure 3.22: Predicted secondary structures and minimum free energy values of the individual RNAs. 
Secondary structures including the corresponding minimum free energy were predicted with RNAfold. 
 

RNAs L10, L17, T546 and T3460 were a gift from Thomas Treiber from the department 

Biochemistry I, who prepared the RNAs by in vitro transcription followed by gel purification. 

Overall, KR mutant combined with RNA exhibited only basal ATPase activity. Points in the 

titration series, where the mutant shows levels of hydrolyzed ATP that are fairly below 

levels of KR lacking RNA (KR only), are due to a certain background activity coming from 

the purification of the structured RNAs. Background activity exclusively arising from RNA 

was substracted from ATP hydrolysis levels exhibited by WT and KR that were incubated 

with RNA. The results of the ATPase assays with the stem-loop forming RNAs L10 and L17 

as substrates overall showed a stimulation of WT ATPase activity that was about twice as 

high as basal activity (Fig 3.23 A). 
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Fig 3.23: Effects of structured RNAs on the ATPase activity of Lsh. 
The influence of differently structured RNAs on the ATPase activity of Lsh was studied in ATPase assays. 200 
nM of Lsh WT or Lsh KR were incubated with increasing amounts (25 ng–800 ng) of (A) ~ 60 nt long stem-loop 
forming RNAs (L10; upper panel, and L17; lower panel) (B) ~ 500 nt long, GC rich and highly structured parts 
from the long non-coding RNA TINCR (T546; upper panel, and T3460; lower panel) and (C) a 30 nt long ssRNA 
(En3D_RNA) in the presence of 1 mM non-radioactive ATP and minor amounts of radioactive ATP (0.2 µCi/µl) 
for 45 min at 30 °C in a total volume of 10 µl. Lsh WT (black bars) and Lsh KR (dark blue bars) lacking RNA in the 
mixture served as controls. Reactions were pipetted onto a TLC plate to separate the hydrolyzed phosphate from 
unreacted ATP. The percentage of hydrolyzed ATP was calculated according to the equation: % (hydrolyzed ATP) = 
Pi*100/(Pi + ATPnon-hydr), and was corrected for background activity arising from non-radioactive ATP and RNA 
preparations. Corrected values were then used to calculate the amount of hydrolyzed ATP in µM. The respective 
RNA is indicated as a piece of its predicted secondary structure next to the bar graph.  
 

Similar results were obtained with the about 500 nt long RNAs originated from TINCR 

(T546 and T3460). Generally, WT was at least two times more active than WT and KR 

lacking substrate or KR incubated with the respective RNA (Fig 3.23 B). 
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Activating effects of the 30 nt long ssRNA on Lsh ATPase are not clearly detectable. There 

are few points in the titration series suggesting stimulation, but by tendency the ssRNA, that 

appears to have no secondary structure, does not induce ATPase activity (Fig 3.23 C). 

However, the assay was done just once. Therefore, at least mild stimulatory effects on Lsh 

WT cannot be excluded. 

In conclusion, the results indicate that the recognition of certain RNA secondary structure 

elements such as stem-loops is beneficial for the stimulation of the ATPase function of Lsh. 

In addition, the data demonstrate that activating effects of total RNA on the enzyme’s 

ATPase activity are specifically based on RNAs and not on contaminations in RNA 

preparations. 

3.10 DNA methyltransferases do not activate the ATPase 
 function of Lsh in vitro 

Interactions of Lsh with Dnmts and the influence of Lsh on CpG methylation are reported. 

However, it is not known if Dnmts contribute to the ATPase activity of the Lsh enzyme. In 

order to study an activating influence of Dnmts on Lsh ATPase, recombinant Dnmt1, 

Dnmt3a and Dnmt3b2 were included in ATPase assays. All the three Dnmts are His-tagged 

and were purified by batch-purification using Ni-NTA beads for the capture and imidazole 

for the elution of the proteins (see 5.2.7). Eluted fractions of Dnmts were analyzed by SDS-

PAGE (Fig 3.24). 

 
Fig 3.24: Purifications of His-tagged DNA methyltransferases. 
DNA methyltransferases Dnmt1 (D1, lane 2), Dnmt3a (D3a, lane 3) and Dnmt3b2 (D3b2, lane 4) were batch-
purified from SF21 insect cells expressing the respective His-tagged Dnmt. For analysis, samples taken during 
protein purification were loaded on 7.5% SDS gels. Gels were stained with Coomassie blue and destained with 
water. The SDS gel illustrates samples taken during the elution of the proteins. 
 

Activity of purified Dnmts was tested with the Dnmt Activity/Inhibition Assay Kit (Active 

Motif). In ATPase assays, Dnmts were titrated in the presence of a nucleosomal array in 

combination with Lsh WT or Lsh KR (Fig 3.25). Lsh WT and KR lacking substrates as well 

as Lsh WT and KR both incubated solely with a nucleosomal array served as controls. 
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Recombinant Dnmts by themselves showed ATPase activity. Therefore, Dnmt based 

ATPase activity, which was probably due to contaminations in the preparations of the 

Dnmts, was substracted from the ATPase activity of Dnmt containing samples. Because of 

this, Lsh KR can display relatively low levels of ATP hydrolysis when incubated with the 

respective Dnmt. According to the ATPase assays, all Dnmts have no stimulatory effect on 

the ATPase activity of Lsh (Figs 3.25 A–C). As the experiments were performed only once, 

replicates would be needed to confirm the results. 

 
Fig 3.25: Effects of Dnmts on the ATPase activity of Lsh. 
The contribution of Dnmts to the ATPase activity of Lsh was studied in ATPase assays. 200 nM of Lsh WT or 
Lsh KR were incubated with increasing concentrations of (A) Dnmt1 (D1; 25–770 nM) (B) Dnmt3a (D3a; 25–
700 nM) and (C) Dnmt3b2 (D3b2; 25–400 nM) in the presence of a 12x601 nucleosomal array (nuc array),1 mM 
non-radioactive ATP and minor amounts of radioactive ATP (0.2 µCi/µl) for 45 min at 30 °C in a total volume of 
10 µl. Lsh WT (black bars) and Lsh KR (dark blue bars) lacking the respective Dnmt and nuc array in the mixture as 
well as Lsh WT (dark grey bars) and Lsh KR (light blue bars) solely incubated with nuc array served as controls. 
Reactions were pipetted onto a TLC plate to separate the hydrolyzed phosphate from unreacted ATP. The 
percentage of hydrolyzed ATP was calculated according to the equation: % (hydrolyzed ATP) = Pi*100/(Pi + ATPnon-hydr), 
and was corrected for background activity arising from non-radioactive ATP and Dnmt preparations. Corrected values 
were then used to calculate the amount of hydrolyzed ATP in µM.
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4 Discussion 

4.1 Basic studies on the chromatin remodeling 
 capabilities of Lsh 

The Snf2 family member Lsh is an essential epigenetic regulator protein. During embryonic 

development Lsh deficiency in mice results in perturbed heterochromatin organization 

accompanied by a genome-wide reduction of DNA methylation levels (Yan et al., 2003b) 

(Dennis, 2001). Loss of DNA methylation due to the absence of Lsh causes abnormalities in 

mitosis and meiosis, defects in gene imprinting and aberrant silencing of repetitive elements 

and stem cell genes (Fan et al., 2003) (La Fuente et al., 2006) (Fan et al., 2005) (Xi et al., 

2009) (Dennis, 2001). Furthermore, Lsh was shown to interact with HDACs as well as 

maintenance and de novo DNA methyltransferases (Zhou et al., 2009) (Myant and 

Stancheva, 2007). Thus, Lsh plays an important role in the establishment of transcriptionally 

repressive chromatin during early developmental stages, mainly by affecting DNA 

methylation levels. However, the mechanistic properties of Lsh, which determine the crucial 

role of this enzyme for DNA methylation, have not been addressed. DNA methylation is 

repressed by nucleosomes, allowing DNA methylation only in the linker regions (Robertson 

et al., 2004) (Takeshima et al., 2006) (Felle et al., 2011a) (Schrader et al., 2015). 

Consequently, DNA in a nucleosomal complex requires active changes in nucleosome 

structure to render DNA accessible for DNA methyltransferases. Previous analyses of the 

methylation activity of the de novo DNA methyltransferases Dnmt3a and Dnmt3b and the 

maintenance DNA methyltransferase Dnmt1 in a nucleosomal context suggest that ATP-

driven chromatin remodeling is required for efficient DNA methylation in chromatin (Felle et 

al., 2011a) (Schrader et al., 2015). Lsh belongs to the Snf2-like group of the Snf2 family that 

comprises enzymes such as D. melanogaster ISWI, mouse Chd1 and human Brg1, which 

are the catalytic core subunits of well-known ATP-dependent chromatin remodeling 

complexes (Flaus et al., 2006). Therefore, Lsh was supposed to mobilize nucleosomes in an 

ATP-dependent manner to regulate DNA accessibilty and facilitate DNA methylation. Since 

the proposed capability to move nucleosomes has not been proven yet, a detailed in vitro 

characterization of the chromatin remodeling functions of Lsh was perfromed. For this 

purpose, recombinant Lsh was expressed and purified, and subsequently used in binding 

assays, nucleosome mobilization assays and ATPase assays. 
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4.1.1 Lsh preferentially binds longer DNA, prefers nucleosomes with 
 linkers to the nucleosomal core and binds cooperatively 

As an initial step to nucleosome repositioning, remodelers require to recognize and bind 

specifically to the substrate. Lsh associates with chromatin in vivo as described by Yan and 

colleagues (Yan et al., 2003a). However, little is known about the binding mechanisms of 

Lsh. Here, a detailed biochemical analysis of the in vitro binding characteristics of Lsh 

towards naked DNA and nucleosomal DNA was done by applying two different techniques. 

A DNA binding assay using an ultra-low-range DNA marker already suggests cooperative 

binding behavior, as Lsh prefers to bind to longer free DNA fragments (chapter 3.3; Fig 3.3 

A). 

Using microscale thermophoresis, binding affinities were characterized based on the 

thermophoretic mobility of the binding partners in solution (chapter 3.3; Fig 3.3 B). In order to 

quantify binding affinities, the Hill equation was applied to the MST data. The Hill equation 

describes the fraction of a macromolecule saturated by a ligand as a function of the ligand 

concentration, and Hill values can then be used to determine cooperativity of ligand-enzyme 

binding (Hernan G Garcia, 2011). Hill values generated from MST data confirm that Lsh 

binds to DNA cooperatively, and binding to longer DNA molecules seems to enhance 

cooperativity. Cooperative binding dependent on the length of a substrate like DNA or RNA 

has been reported for some enzymes, such as the RNA-binding translocase RIG-I, the DNA 

repair protein Ku or the heterochromatin-associated protein MENT (Binder et al., 2011) 

(Ma and Lieber, 2001) (Springhetti et al., 2003). Furthermore, magnetic tweezer experiments 

and transmission electron microscopy demonstrate that the S. cerevisiae chromatin 

remodeling factor Isw1 binds DNA cooperatively (De Cian et al., 2012). Cooperativity 

depending on substrate length indicates multimerization of the protein, once it is bound to the 

substrate. However, Myant and Stancheva found that native Lsh is present as a monomer in 

nuclear extracts of human cells (Myant and Stancheva, 2007). The monomeric molecular 

mass of Lsh was determined by performing size-exclusion chromatography and sucrose-

gradient sedimentation experiments (Myant and Stancheva, 2007). With striking analogy, the 

mass of the methyl-CpG-binding transcription factor MeCP2 was determined by applying the 

same methods, thereby deriving a mass of MeCP2 that is close to its predicted monomeric 

molecular weight (Klose and Bird, 2004). Interaction of Lsh with HDACs and Dnmts is 

suggested to happen transiently (Myant and Stancheva, 2007). Similarly, MeCP2 appears to 

interact rather transiently than stably with the Sin3-HDAC chromatin remodeling complex to 

mediate transcriptional repression (Klose and Bird, 2004) (Nan et al., 1998). By analogy with 

Lsh, MeCP2 binds DNA cooperatively and exhibits length-dependent binding affinity towards 

DNA. MeCP2 dimerizes upon binding to DNA as seen with atomic force microscopy (Ghosh 
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et al., 2010). In regard of these striking similarities to MeCP2, it is quite conceivable that Lsh 

forms multimers, once bound to DNA, which would explain its cooperative binding behavior. 

Another explanation for this behavior of Lsh may be the existence of more than one 

substrate binding site on the Lsh protein, and the binding of one substrate molecule 

facilitates the binding of a second and more substrate molecules. 

Recent studies showed that the maintenance DNA methyltransferase Dnmt1 has length-

dependent binding affinity towards DNA in vitro, propagating a DNA length-sensing activity of 

Dnmt1, and implying cooperative binding behavior. Furthermore, Dnmt1 preferentially binds 

to nucleosomes with long symmetric linker DNA (Schrader et al., 2015). Similar to Dnmt1, 

the results of the electrophoretic mobility shift assays with nucleosomes as substrates show 

preferred binding of Lsh to nucleosomes that have linkers, whereas the binding to the 

nucleosomal core is comparably weak (chapter 3.4; Figs 3.4 A– E). According to the MST 

data, even the nucleosomal core is bound cooperatively (chapter 3.4; Fig 3.4 F). 

Yet, cooperative binding to nucleosomes increases in the presence of extranucleosomal 

DNA, suggesting extranucleosomal DNA as the main cause for cooperativity. Cooperative 

binding behavior of Lsh and its reported interaction with DNA methyltransferases (Myant and 

Stancheva, 2007) (Dunican et al., 2015) (Zhu et al., 2006) could present the basis for the 

effect of “methylation spreading” and the aberrant de novo methylation of CpG islands that is 

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

Given DNA length-dependent cooperativity, a certain minimal linker length may be necessary 

for the stable association of Lsh with nucleosomes. In addition, based on the results of the 

gel retardation assays, symmetric linker DNA is beneficial to the binding of Lsh to 

nucleosomes, implying the binding of Lsh across the nucleosomal dyad to access both DNA 

linkers. In sum, Lsh could interact with nucleosomes as illustrated (Fig 4.1). 

 

 
Fig 4.1: Cartoon illustrating the suggested binding mode of Lsh to nucleosomes. 
Lsh binds cooperatively and could dimerize upon binding to nucleosomal DNA (grey line in the middle of the grey 
box illustrating Lsh). In doing so, Lsh probably crosses the nucleosomal dyad to contact the DNA at the entry/exit 
site of the nucleosome. DNA is shown in red, histones are shown in blue (modified and adapted from Schrader et 
al., PlosOne, 2015). 
 

Narrowing DNA sizes in binding assays to determine the minimal length of DNA that is 

required for the stable interaction with nucleosomes, as well as DnaseI footprints to confirm 

crossing of the dyad axis, would provide further information about the binding mode of Lsh. 
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Additionally, binding studies with deletion mutants of Lsh could reveal the localization of DNA 

binding motifs (see chapter 4.6). 

Enhanced affinity to nucleosomes in the presence of linker DNA is a characteristic that has 

been described for various remodeling enzymes. In contrast to the yeast SWI/SNF complex, 

that binds to the nucleosomal core with high affinity (Côté et al., 1998), a certain minimum of 

linker DNA is important for ISWI complexes in order to stably bind to mononucleosomes 

(Kagalwala et al., 2004) (Whitehouse et al., 2003) (Langst et al., 1999). 

Longer extranucleosomal DNA has been reported to be essential for the ATPase motor 

protein Snf2H to form a stable protein-nucleosome interaction (He et al., 2006). Furthermore, 

Snf2H is known for cooperative nucleosome binding. Snf2H forms dimers implying direct 

protein-protein interactions as source for the cooperativity in binding affinities of Snf2H to 

nucleosomes (Racki et al., 2009). 

Moreover, it was shown recently that the chromatin remodeling complex NoRC requires 

linker DNA for nucleosome binding and remodeling (Manelyte et al., 2014). 

Taken together, these observations favor the hypothesis that the Snf2 family member Lsh 

regulates DNA methylation through the mobilization of nucleosomes. 

4.1.2 Lsh does not remodel nucleosomes in vitro, and the in vitro 
 ATPase activity of Lsh is not stimulated by DNA and nucleosomes 

In contrast to most of the ATPase motor proteins of the Snf2-like group, Lsh does not seem 

to be part of a large protein complex (Myant and Stancheva, 2007). Nevertheless, ATPase 

subunits of chromatin remodeling complexes are capable to remodel nucleosomes in vitro by 

their own (Brehm et al., 2000) (Corona et al., 1999) (Phelan et al., 1999). 

Further, it is known that DDM1, the A. thaliana homolog of Lsh, is able to reposition 

nucleosomes in vitro (Brzeski and Jerzmanowski, 2003). Murine Lsh and DDM1 share an 

overall amino acid sequence identity of about 45 %. However, murine Lsh seems to be 

incapable of moving nucleosomes (Burrage et al., 2013). During the presented work, the 

proposed chromatin remodeling capability of human Lsh was studied in vitro. End-positioned 

and centrally-positioned mononucleosomal templates, as well as a template with 

nucleosomes placed on different positions on the fragment, served as substrates in the 

nucleosome mobilization assays (chapter 3.5; Figs 3.5 A–D). Despite its ability to bind DNA 

and nucleosomes and its close relationship to ATPase subunits of well-described chromatin 

remodelers, Lsh did not exhibit chromatin remodeling activity in vitro. Since nucleosome 

mobilization is an ATP-driven process, ATPase assays were performed to investigate the 

protein’s ATPase activity. For this purpose, different nucleosomes served as substrates, as 

substrate requirements can differ for each enzyme(chapter 3.6.2; Figs 3.7 A–D). 
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For instance, the ATPase of the yeast SWI/SNF complex is already maximally stimulated by 

free DNA (Boyer et al., 2000). In contrast, D. melanogaster Mi-2 is stimulated by 

nucleosomal DNA but not at all by free DNA (Brehm et al., 2000). Whereas Brg1 and BRM 

ATPase activities are stimulated to the same extent by nucleosomes and naked DNA, the 

ISWI ATPase is preferentially stimulated by nucleosomes (Corona et al., 1999) (Phelan et 

al., 1999). 

The work presented here, shows that DNA and mononucleosomes, and even a nucleosomal 

array, did not stimulate the ATPase activity of Lsh by their own. Therefore, the performed 

basic in vitro studies suggest that Lsh does not mobilize nucleosomes in an ATP-dependent 

fashion. However, RNA was identified as a trigger of Lsh ATPase activity, and ATPase 

activity is further enhanced by nucleosomes in the presence of RNA (see chapter 4.3). 

Yet it has to be proven, if the presence of a specific RNA (see chapter 4.3.5) induces the 

proposed chromatin remodeling activity of Lsh. Further, it cannot be ruled out that Lsh 

necessitates the interaction with one or more other proteins to show considerably strong 

ATPase and remodeling activity. Apart from this, Lsh could also possess a so far undefined 

domain inhibiting ATP binding or hydrolysis, and eventually chromatin remodeling, as has 

been reported for D. melanogaster ISWI (Clapier and Cairns, 2012). The needs for such 

requirements, and the generation of deletion mutants of Lsh to study the presence of 

domains inhibiting ATPase and chromatin remodeling activities, are discussed in chapter 4.6. 

4.2 The role of Lsh in the recognition of the epigenetic 
 landmark 5-hmC 

5-hmC emerges when 5-mC is oxidized. Conversion of 5-mC to 5-hmC is catalyzed by Tet 

proteins that can successively oxidize 5-mC to 5-hmC, to 5-fC and to 5-caC (Tahiliani et al., 

2009) (Ito et al., 2011). The oxidized 5-mC bases are thought to contribute to passive 

replication-dependent loss of 5-mC, as they may interfere with maintenance methylation 

during DNA replication. They do so by inhibiting UHRF1 binding or Dnmt1 activity, causing 

the progressive dilution of 5-hmC, and potentially 5-fC and 5-caC, through successive DNA 

replication cycles (Frauer et al., 2011) (Hashimoto et al., 2012). Besides, 5-hmC, 5-fC and 5-

caC can be converted to cytosine via base excision repair mechanisms (BER). This suggests 

that these derivatives act as DNA demethylation intermediates but, in addition, also may 

have epigenetic signaling functions in their own right. 5-hmC shows unique distribution 

patterns in the genome (Xu et al., 2011) (Pastor et al., 2011) (Szulwach et al., 2011b), 

indicating that 5-hmC might play a role in altering chromatin structure and transcriptional 

regulation. Genome-wide analyses indicate association of 5-hmC with regulatory elements, 
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such as promoters and enhancers, and suggest that, depending on chromatin signatures, 5-

hmC has regulatory functions in both activation and repression of transcription (Szulwach et 

al., 2011a) (Choi et al., 2014). To uncover functions of 5-hmC, 5-fC and 5-caC, several 

groups searched for readers for 5-mC and its oxidized derivates. For instance, the methyl-

CpG-binding protein Mbd3, a key component of the chromatin remodeling complex NuRD 

(Zhang et al., 1999), can bind 5-hmC and unmodified cytosine, but not 5-mC, in vitro, and is 

proposed to associate with Tet1 (Hendrich and Bird, 1998) (Yildirim et al., 2011). Others 

showed selective binding of Mbd3 to 5-mC and 5-fC (Iurlaro et al., 2013) (Spruijt et al., 

2013). Collectively, these studies open up the possibility that, amongst others, also 

chromatin remodelers such as the Mbd3/NuRD complex may be able to interpret signals of 

modified cytosines in the regulation of transcription or chromatin structure (Iurlaro et al., 

2013) (Spruijt et al., 2013). During their screening approach for readers for oxidized derivates 

of 5-mC, Sprujit and colleagues identified Lsh as a reader for 5-hmC. They suggested that 

Lsh could participate in a DNA-repair-involved DNA demethylation pathway (Spruijt et al., 

2013), as Lsh is known to promote phosphorylation of H2AX to γH2AX, and thereby 

contributes to efficient repair of DNA double-strand breaks (Burrage et al., 2013). 

However, since Lsh is required for both de novo and maintenance DNA methylation 

cooperating with DNA methyltransferases and histone deacetylases (Dennis, 2001) (Myant 

and Stancheva, 2007) (Zhu et al., 2006) (Zhou et al., 2009), it is questionable wether Lsh has 

a role in DNA demethylation. Tet protein catalyzed hydroxy-methylation could rather serve to 

recruit Lsh to 5-hmC in order to mediate some of the regulatory functions of this novel 

epigenetic landmark.  

To study the interplay between Lsh and 5-hmC, in vitro binding assays and ATPase assays 

were performed (chapter 3.8.1; Fig 3.9). MST data suggest a preferred binding of Lsh to 

hydroxy-methylated as well as methylated DNA over unmodified DNA, favoring the proposed 

role of Lsh as an epigenetic reader of 5-hmC. Yet, preferential binding to both 5-hmC and 5-

mC, as detected by MST, is contradictory to the observations by Spruijt and colleagues, who 

detected Lsh as specifically binding to 5-hmC by applying a quantitative mass spectrometry-

based proteomics approach (Spruijt et al., 2013). The use of divergent methods and DNA 

substrates might explain the differences in binding specificities. Identifying the DNA-binding 

domain of Lsh (see chapter 4.6) and structural analyses of this domain in a complex with 5-

mC and 5-hmC, respectively, could further reveal, if there are preferences of Lsh towards 5-

mC or 5-hmC. Furthermore, the E3 ubiqutin-protein ligase UHRF1 was discovered to bind 5-

hmC and 5-mC-containing substrates with similar affinity via its SET and RING finger-

associated (SRA) domain (Frauer et al., 2011). Recently, structural and biochemical 

analyses unveiled SRA domains as versatile readers of modified DNA, demonstrating that 

alterations in the binding pockets of SRA domains can tilt the binding preference from 5-mC 
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to 5-hmC (Zhou et al., 2014). Such alterations could also account for the almost identical 

binding affinities of Lsh to 5-mC and 5-hmC. However, an initial protein sequence alignment 

did not reveal a relationship between Lsh and SRA domain-containing proteins in terms of a 

shared SRA domain (data not shown). 

The ATPase assays show stimulation of Lsh by hydroxy-methylated dinucleosomes. 

In contrast, the ATPase activity of Lsh is essentially not stimulated by unmodified or 

methylated dinucleosomes (chapter 3.8.2; Figs 3.10–3.12). 

Stimulation of Lsh ATPase activity by hydroxy-methylated dinucleosomes would provide 

indications pointing to an active involvement of Lsh in steps following the oxidation of 5-mC, 

i. e. functions of Lsh independent of its role in DNA methylation. 

Recently, the role of the S. cerevisiae protein Cmr1 in DNA replication stress was assessed, 

pointing to the involvement of Cmr1 in maintaining genome integrity (Gallina et al., 2015). 

WDR76, the mammalian homolog of Cmr1, prefers binding to 5-hmC in comparison to 5-mC 

and interacts with Lsh (Spruijt et al., 2013) (Gallina et al., 2015). These findings would hint to 

a linked relevance of Lsh and 5-hmC to the regulation of chromatin structure in terms of a 

response to DNA damage. Indeed, emerging lines of evidence indicate that chromatin 

remodeling factors are recruited to DNA double-strand breaks (DSB), where they mobilize, 

evict, or disrupt nucleosomes, and thereby facilitate DNA damage repair (DDR) (Larsen et 

al., 2010) (Lan et al., 2010) (Hara and Sancar, 2002) (van Attikum et al., 2007) (Ura et al., 

2001). 

For instance, Brg1 stimulates nucleotide excision repair (Zhang et al., 2009), whereas the 

yeast chromatin remodeling enzymes SWI/SNF and Isw1 and Isw2 are suggested to be 

required for BER in chromatin (Menoni et al., 2007) (Nakanishi et al., 2007). These findings 

are substantiated by the severe inhibition of at least some DNA glycosylases by nucleosomal 

core particles (Beard et al., 2003) (Nilsen et al., 2002). 

Consequently, stimulation of the ATPase and probably the remodeling activity of Lsh by 

hydroxy-methylated dinucleosomes would result in the opening of chromatin, facilitating DNA 

repair factors the access to DNA in order to maintain genome stability. 

However, hydroxy-methylated dinucleosomes stimulated the ATPase activity of Lsh only 

under very well-defined experimental conditions (chapter 3.8.2; Fig 3.11). This complicates 

the interpretation of the biological relevance of the ATPase data. Nevertheless, Lsh might be 

active even at concentrations of ATP in the millimolar range. Yet, the background of non-

hydrolyzed ATP may be too high to detect stimulatory effects in the in vitro ATPase assay 

setup, which is probably due to a low ATP hydrolysis rate. 
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4.3 The ATPase activity of Lsh is induced by RNA and 
 enhanced by nucleosomes 

4.3.1 Lsh binds to RNA with greater affinity than to DNA 

Seeking for substrates with the potential to stimulate the ATPase activity of Lsh, the binding 

of Lsh to RNA was examined. EMSAs show the formation of a Lsh-RNA complex that is 

retarded in the native gel. MST data reveal binding of Lsh to a 30 nt long ssRNA molecule 

with higher affinity than to dsDNA of the same length and sequence (chapter 3.9.1; Fig 3.13). 

Similar Hill coefficients in the binding to ssRNA and dsDNA indicate similarities in the 

cooperative binding behavior of Lsh towards ssRNA and dsDNA. Length-dependent 

cooperative binding of Lsh (see 4.1.1) explains the almost identical n-values, as both 

substrates have a size of 30 nt. In this respect, Lsh does not seem to discriminate between 

RNA and DNA. The preferential binding of Lsh towards RNA is further illustrated by its 

inability to bind to ssDNA. In comparison to its ATPase activity in the presence of a 30 nt 

long ssRNA, Lsh shows higher ATPase activity in the presence of structured RNAs with 

sizes of 60 nt and 500 nt (as discussed in chapter 4.3.5). Consequently, Lsh might 

preferentially interact with structured RNAs or RNAs of sizes larger than 30 nt. Still, it would 

be of interest to directly show and quantify preferred binding towards RNAs of larger sizes 

than 30 nt and towards differently structured RNAs. 

Direct binding of RNA has been reported for chromatin modifiying proteins like the histone-

lysine methyltransferase Ezh2 or the chromodomain protein HP1 (Kaneko et al., 2010) 

(Muchardt et al., 2002), and interestingly, for the chromatin remodeling enzymes D. 

melanogaster ISWI and mammalian Brg1 and NoRC (Onorati et al., 2011) (Cajigas et al., 

2015) (Mayer et al., 2008) (Manelyte et al., 2014). Furthermore, Dnmt1 as well as Dnmt3a 

were identified to bind to RNA in vitro. Strikingly, the association with specific RNA molecules 

is accompanied by enzymatic inhibition of the DNA methyltransferases (Zhang et al., 2015) 

(Holz-Schietinger and Reich, 2012) (Di Ruscio et al., 2014). This work shows binding of Lsh 

to RNA with greater affinity than to DNA, providing further indications for the importance of 

RNA to chromatin-associated proteins. 
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4.3.2 Nucleosomes contribute to RNA induced ATPase activity of Lsh 

In view of the described affinity of Lsh towards RNA, the next step was to analyze the 

capability of RNA to stimulate the enzyme’s ATPase activity. In doing so, total RNA was 

extracted from two different cell lines and two organisms. To exclude contaminating effects, 

different methods for RNA isolation had been applied. Overall, total RNA clearly stimulatd the 

ATPase activity of Lsh. In the presence of RNA, the ATPase activity of Lsh WT was in the 

range of 2–3-fold over the ATPase activity of KR as well as controls lacking RNA, 

independent of ATP concentrations (chapter 3.9.2; Fig 3.14). Realizing stimulation of the 

ATPase activity of Lsh by total RNA, nucleosomes were combined with total RNA in ATPase 

assays. Taking into consideration that complexity of the nucleosomal template might 

influence ATPase activity, mononucleosomes, differently DNA modified dinucleosomes and a 

nucleosomal array served as substrates. As expected, Lsh WT was about two times more 

active than KR when only total RNA was present. Throughout the experiments, Lsh WT and 

KR in combination solely with nucleosomes showed ATPase activity that was similar to the 

basal activity of WT and KR (chapter 3.9.3; Figs 3.16 A–C). While mononucleosomes in 

combination with RNA had essentially no additional effect on ATPase activity, ATPase 

assays with differently DNA modified dinucleosomes displayed a divergent picture. 

Unmodified and hydroxy-methylated dinucleosomes slightly enhanced ATPase activity in the 

presence of total RNA, whereas methylated dinucleosomes rather seemed to repress 

ATPase activity (chapter 3.9.3; Figs 3.16 A–B). 

The data presented here are in contrast to studies on the chromatin remodeling enzyme 

ISWI. S. cerevisiae ISWI complexes did not reveal any differences in ATPase activity, when 

the complexes were incubated with either mono- or dinucleosomes (Krajewski and Reese, 

2010), indicating a unique place for Lsh in the class of chromatin remodeling enzymes. 

The modification status of the DNA template, unmodified or hydroxy-methylated, had no 

influence on the ATPase activity of Lsh. This argues against an active participation of Lsh in 

DNA demethylation. It is thus also unlikely that Lsh responds to the epigenetic signaling 

function of 5-hmC by mobilizing nucleosomes, as discussed in chapter 4.2. 

The inhibition of the ATPase activity of Lsh by methylated nucleosomes is contradictory to 

the findings of Brzeski and colleagues, who showed that the DNA methylation status does 

not influence the ATPase activity of the A. thaliana homolog DDM1 (Brzeski and 

Jerzmanowski, 2003). Yet, regarding the suggested ability of Lsh to alter chromatin structure 

in order to facilitate the access to DNA for methyltransferases, methylated DNA would 

represent the final product. Therefore, it makes sense that a methylated nucleosomal 

substrate inhibits Lsh activity, which would be in accordance with a ’release’ model, as 

proposed for ACF and Chd1. These machines were found to dissociate from the nucleosome 
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after remodeling, due to a reduced affinity to the end-products of the translocation reaction 

(Rippe et al., 2007). 

The addition of a nucleosomal array to total RNA resulted in clearly pronounced catalytic 

activity of Lsh ATPase, indicating that nucleosome-enhanced ATPase activity depends on 

the complexity of the substrate (chapter 3.9.3; Fig 3.16 C). The binding experiments point to 

length-dependent cooperative binding and indicate preferred binding to nucleosomes with 

symmetric linkers, suggesting that Lsh contacts nucleosomes at the entry/exit site (chapters 

3.3 and 3.4). Therefore, a flexible interaction with chromatin, as offered by a nucleosomal 

array, may be the cause for increased ATPase activity.  

Activation of ATPase function by RNA is an unusual feature amongst ATPase subunits of 

chromatin remodeling complexes. Since remodelers move, eject or restructure nucleosomes 

in an ATP-dependent fashion, nucleosomal DNA represents the natural substrate that 

commonly stimulates ATPase activity (Clapier and Cairns, 2009). Indeed, RNA binding even 

inihibits ATPase and remodeling activity of at least some chromatin remodelers, such as 

NoRC and Brg1, most probably by competing with nucleosomes for the binding sites on the 

remodeling enzyme (Manelyte et al., 2014) (Cajigas et al., 2015). Corona and colleagues 

showed that the ATPase activity of D. melanogaster ISWI is clearly stimulated by 

nucleosomes but not by poly-A RNA (Corona et al., 1999). Interestingly, later studies 

revealed activating effects by the non-coding RNA hsrω on D. melanogaster ISWI ATPase. 

Yet, these studies indicate rather competing than synergistic effects of nucleosomes and 

hsrω RNA on the ATPase activity of ISWI (Onorati et al., 2011). 

To sum up, the ATPase activity of Lsh is strengthened by nucleosomes in the presence of 

RNA, whereas nucleosomes by their own have no stimulatory effect. 

4.3.3 Displacement of RNA by DNA and nucleosomes indicates a 
 dynamic interaction between RNA and Lsh 

Competitive EMSAs were done in order to understand the binding behavior of Lsh towards 

RNA in the context of chromatin. RNA appeared to be completely displaced from its binding 

site, when first a Lsh-RNA complex was formed and afterwards increasing amounts of DNA, 

either naked or in nucleosomal form, were added (chapter 3.9.4; Figs 3.17 A and 3.18 A). 

However, at lower concentrations of DNA or nucleosome up to at least equimolar amounts of 

DNA and RNA (Fig 3.17 A) or nucleosome and RNA (Fig 3.18 A), the RNA still associated 

with Lsh. In the vice-versa experiments, naked DNA or nucleosomal DNA in a complex with 

Lsh remained stably associated with the protein when titrating the RNA, even at excessive 

RNA concentrations (chapter 3.9.4; Figs 3.17 B and 3.18 B). Since there was no additional 

retarded band appearing in the gel shifts that would indicate simultaneous but individual 
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binding of Lsh to RNA and to DNA (naked or in nucleosomal form), and since signals 

overlapped at some points in the titration series, one can conclude that both RNA and DNA 

(naked or in nucleosomal form) interact with the same binding site of the protein. 

As illustrated in Fig 3.13 B, Lsh binds to RNA with higher affinity than to DNA. Considering 

the displacement of RNA by DNA (naked or in nucleosomal form), and in view of the stability 

of a complex consisting of Lsh and DNA (naked or in nucleosomal form), Lsh probably binds 

to RNA with a high on/off-rate. In comparison, Lsh may interact with naked or nucleosomal 

DNA with a slow on/off-rate. Since RNA induces the ATPase activity of Lsh, such binding 

kinetics are maybe ATP-dependent (see chapter 4.3.4). 

High affinity binding of Lsh to RNA with a relatively high on/off-rate would mean a dynamic 

interaction between Lsh and RNA. Interactions with high affinity binding caused by a high 

on/off-rate are rare, since high affinity interactions usually imply fast complex formation (high 

on-rate) combined with slow complex dissociation (slow off-rate) (de Mol et al., 2005). Yet, 

cases with high affinity binding caused by a high on/off-rate are reported (O'Connell et al., 

2010) (de Mol et al., 2005). For instance, the uridine- or adenine/uridine-rich-stretches-RNA-

binding protein (ARE-RBP) HuR, a protein contributing to the stability and translation of its 

target mRNAs, binds a U-rich ssRNA oligonucleotide with high on/off-rates in surface 

plasmon resonance (SPR) experiments (Kim et al., 2007). Applying the same technique, the 

S. pombe terminal-uridylyl-transferase (TUTase) Cid1, that stimulates mRNA decay, was 

reported to bind a 21-nucleotide RNA with high affinity at high on/off-rates (Yates et al., 

2012). An interaction of Lsh with RNA at high on/off-rates would mean fast complex 

formation and fast complex dissociation. Short residence times of RNA probably imply short 

but frequently repeated periods of ATPase activity. In comparison, the Lsh-DNA or Lsh-

nucleosome complex may take longer until it is formed but it probably has a relatively long 

half-life. 

Figuratively, this would be beneficial for increased activity at the nucleosomal target site. A 

slow dissociation rate would explain why RNA cannot displace DNA and nucleosomes. Much 

higher concentrations of RNA would be needed to remove the DNA or nucleosome from its 

binding site on the protein. Additionaly, prolonging times when incubating the RNA with the 

Lsh-DNA or the Lsh-nucleosome complex could result in less stable complexes. The 

described binding behavior of Lsh to RNA in the presence of DNA or nucleosomes is 

schematically illustrated in Fig 4.2. 
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Fig 4.2: Competitive interactions with different rates of binding. 
The time course of binding is shown for two interactions, one with relatively fast on-rate and off-rate (blue line), 
and one with relatively slow on-rate and off-rate (red line). Although the two reactions temporarily reach the same 
level of binding at equilibrium, the rates of binding and dissociation are quite different (according to Lim et al., Cell 
Signaling: Principles and mechanisms, Chapter 2: Principles and mechanisms of protein interactions, Garland 
Science, Taylor & Francis Group, LLC, 2015). 
 

Accordingly, a model of the binding mode of Lsh could be described as follows: The 

interaction between Lsh and RNA is very dynamic and complex formation occurs rapidly. 

When Lsh recognizes nucleosomes, RNA is still bound, as the association of Lsh with 

chromatin is weak at first. Tighter binding to nucleosomes results in the displacement of RNA 

from Lsh. In turn, weakening the interaction between Lsh and nucleosomes should again 

enable RNA binding. At this point, it has to be stressed that the suggested slow on/off-rate in 

terms of binding of Lsh to nucleosomes is to be considered relative to the interaction 

between Lsh and RNA, and is based on in vitro binding experiments with only one or two 

substrates Lsh can choose. As steric effects in terms of surface chemistry as well as oligo-

length influence binding, competitive binding studies with more complex nucleosomal 

substrates and differently structured RNAs could reveal further insights into the binding 

mechanism of Lsh. However, due to the complex environment in living cells, most reliable 

dissociation rates may be derived from fluorescence recovery after photobleaching (FRAP) 

analyses with GFP-tagged human Lsh to assay chromatin association dynamics in vivo. 

4.3.4 ATP hydrolysis changes binding dynamics of Lsh 

A wide variety of chromatin-associated proteins bind only transiently to chromatin in the 

nucleus of living cells. Tracking dynamic behavior in living cells by in vivo imaging methods 

such as FRAP revealed that many chromatin-associated proteins have a high turnover on 

chromatin with a residence time on the order of seconds (Phair et al., 2004). For example, 

the high-mobility group proteins HMGB1 and HMG-D have very high on/off-rates on 

chromatin (Thomas and Stott, 2012) (Ragab and Travers, 2003). Accordingly, these 

properties are crucial for generating high plasticity in genome expression, forming dynamic 

interaction networks in vivo (Phair et al., 2004) (Hager et al., 2009). Yet, chromatin-

associated proteins exist in several, kinetically distinct populations, and are temporarily 
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immobilized upon their functional binding to distinct types of target sequences. Examples 

include RNA polymerases I and II, which become temporarily immobilized on target genes 

upon transcriptional engagement (Dundr et al., 2002) (Kimura et al., 2002), as well as DNA 

repair and replication factors upon association with repair and replication sites (Hoogstraten 

et al., 2002) (Sporbert et al., 2002) (Houtsmuller et al., 1999). The vast majority of human 

ISWI remodelers Snf2H and Snf2L was found to be highly mobile during G1/2 phase, binding 

only transiently to chromatin. However, ISWI remodelers were recruited to replication foci 

during S phase and to DNA repair sites. Thereby, the tightly bound fraction increased 

temporarily at those sites, which is suggested to promote translocation of target 

nucleosomes (Erdel et al., 2010). Cyclically occuring nucleosome translocation is a feature 

that was also reported for the remodeling complexes SWI/SNF and NuRD (George et al., 

2009) (Métivier et al., 2003). Therefore, a continuous sampling mechanism was proposed for 

chromatin remodelers: Remodelers interact with nucleosomes dynamically and probe 

nucleosomes continuously. Upon the recognition of specific signals that induce their 

recruitment, remodeling enzymes reside at target sites and actively remodel nucleosomes 

(Erdel et al., 2011). Whereas mobility of human ISWI remodeling complexes appears to be 

independent of ATPase activity (Erdel et al., 2010), Lungu and colleagues suggest that the 

absence of a functional ATPase domain impairs the mobility of murine Lsh at pericentromeric 

heterochromatin. Applying FRAP, they compared dynamics of murine wild-type Lsh (Lsh WT) 

to the dynamics of its ATPase deficient version at heterochromatic sites. While Lsh WT 

exchanged rapidly between the bound state and the unbound state, ATPase deficient Lsh 

was comparably less mobile at pericentromeric heterochromatin (Lungu et al., 2015). Higher 

accumulation of the ATPase deficient version in comparison to WT hence suggests that an 

active ATPase is crucial for Lsh to retain its dynamic mobility. 

Here, differences in the binding between human Lsh WT and KR were investigated in in vitro 

binding studies. In order to understand whether the capability of Lsh to hydrolyze ATP 

influences its binding behavior, EMSAs were carried out in the presence of ATP. Comparing 

the binding affinities of WT and KR to RNA, complex formation occured faster between Lsh 

WT and RNA than between KR and RNA (chapter 3.9.5; Fig 3.20). In competitive EMSAs 

with a pre-incubated Lsh-RNA complex and increasing amounts of nucleosomes, RNA was 

displaced from KR at lower amounts of nucleosomes when compared to the displacement of 

RNA from WT (chapter 3.9.5; Fig 3.21). Taking account of the stimulation of the ATPase 

activity by RNA, faster complex formation and slower dissociation of RNA from WT in 

comparison to KR demonstrate the importance of RNA to retain ATPase activity, especially 

when Lsh simultaneously interacts with nucleosomes. Therefore, RNA seems to be the 

limiting factor for the ATPase activity of Lsh. As a consequence, since nucleosomes still 

appear to displace RNA at some point, even in the presence of ATP, Lsh must be inactive 
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when it is tightly bound to nucleosomes. During the remodeling reaction, chromatin 

remodelers usually closely interact with their target nucleosome. This raises the question 

how Lsh could mobilize nucleosomes when only loose chromatin binding allows the 

simultaneous association with RNA that is essential for an active ATPase. Additional factors 

such as accessory proteins or certain chromatin modifications could be necessary to 

stimulate Lsh ATPase activity or at least stabilize the interaction between Lsh and RNA on 

chromatin. The RNA used in these experiments, a ssRNA oligonucleotide, is probably not the 

optimal substrate. Subsequent ATPase experiments with longer, structured RNAs showed 

increased ATPase activity of Lsh in comparison to its ATPase activity in the presence of 

ssRNA (see chapters 3.9.6 and 4.3.5). However, these ATPase assays were one-shot 

experiments, and mild stimulatory effects of the ssRNA on Lsh cannot be excluded from the 

data, particularly in the view of the findings discussed in this chapter. Yet, since differences 

in the binding behavior between WT and KR in the presence of ATP are quite small, the 

results need to be interpreted with caution. Nevertheless, our findings are in accordance with 

data from Lungu and colleagues, who suggest that Lsh is highly mobile and not tightly 

associated with chromatin when it is active. The inability to hydrolyze ATP though leads to its 

trapping on chromatin (Lungu et al., 2015). 

4.3.5 The ATPase activity of Lsh is preferentially induced by structured 
 RNAs 

To elucidate the relevance of RNA structures for the enzyme’s ATPase activity, differently 

structured RNAs were used in ATPase assays. Two different about 60 nt long RNAs that 

form stem-loops in solution and two about 500 nt long, highly structured RNAs originated 

from a long non-coding RNA, as well as a 30 nt long ssRNA oligonucleotide that is unable to 

fold into stem-loops, served as substrates (chapter 3.9.6; Figs 3.23 A–C). Generally, Lsh WT 

was at least two times more active than the KR mutant when structured, stem-loop forming 

RNAs were present, whereas the ATPase activity of Lsh was comparably weaker when Lsh 

was incubated with ssRNA. Overall, the data suggest that Lsh recognizes secondary 

structures of RNAs, such as stem-loops, which might be beneficial for the stimulation of its 

ATPase activity. 

Still, the question remains what sort of RNA interacts specifically with Lsh. An increasing 

number of discoveries reveal the importance of non-coding RNAs to the control of the 

epigenetic landscape, as many non-coding RNAs physically associate with chromatin 

modifying and chromatin remodeling proteins, in order to regulate gene expression at 

specific loci (Khalil et al., 2009). In particular, long non-coding RNAs (lncRNAs) such as 

HOTAIR, Air, Evf2 and hsrω have been shown to target histone modifying proteins to 
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chromatin (Nagano et al., 2008) (Kaneko et al., 2010) and to functionally interact with 

chromatin remodeling enzymes, influencing their activity (Onorati et al., 2011) (Cajigas et al., 

2015). Furthermore, long non-coding RNAs as well as microRNAs are increasingly being 

identified as potential regulators of DNA methylation (Yan et al., 2014) (Mohammad et al., 

2010) (Merry et al., 2015). Considering this, a lncRNA or subset of lncRNAs might also 

associate with Lsh and regulate its function. Interestingly, very recently published RIP data 

show the interaction of Lsh with the lncRNA HOTAIR (Wang et al., 2015). 

The presented data show only a very small fraction of RNAs that might interact with Lsh and 

stimulate its ATPase activity. Techniques such as RNA immunoprecipitation (RIP), or more 

advanced cross-linking immunoprecipitation (CLIP) techniques, followed by RNA-

sequencing, would allow the genome-wide identification of RNAs that could specifically 

cooperate with Lsh.  

4.3.6 Lsh – an RNA helicase? 

This work shows that the ATPase activity of Lsh, a Snf2 family member, can be triggered by 

RNA. Like the Snf2 family, RNA helicases belong to the SF2 superfamily, as they are built 

around the SF2 characteristic catalytic core consisting of the DExx and the HELICc domains 

that contain the helicase motifs as well as the Q motif. Since RNA helicases are thus 

structurally related to the Snf2 family, one may draw functional similarities between Lsh and 

RNA helicases that require RNA binding to stimulate ATP hydrolysis. 

There are two major classes of RNA helicase enzymes: the processive DExH class and the 

non-processive DEAD-box class. DExH members commonly use ATP to unwind short duplex 

RNA, based on directional translocation. In contrast, the DEAD-box helicases are ATP-

dependent RNA-binding proteins that do not appear to translocate along nucleic acids. 

Instead, these proteins unwind duplexes by local strand separation, but can also catalyze 

RNA duplex annealing. RNA helicases generally function as part of large multicomponent 

assemblies, such as the spliceosome or the translation initiation machinery, and are involved 

in nearly all aspects of RNA metabolism. These include ribosome biogenesis, transcription 

and pre-mRNA splicing, microRNA (miRNA) processing, nonsense-mediated RNA decay 

(NMD), mRNA transport and protein translation. Furthermore, a number of RNA helicases 

have been shown to rearrange ribonucleoprotein (RNP) complexes in an active, ATP-

dependent fashion (for reviews see (Pyle, 2008), (Linder and Jankowsky, 2011), and 

(Jankowsky, 2011)). Strikingly, several RNA helicases are also associated with diverse and 

seemingly unrelated functions, although those tasks are usually in addition to their RNA 

associated functions. For instance, the D. melanogaster DexH helicase maleless (MLE), an 

enzyme that shows clear RNA dependent ATPase activity (Izzo et al., 2008), was 



Discussion 

 
– 95 – 

documented to bind the MEP-1 and Mi-2 subunits of the chromatin remodeling complex 

NuRD, suggesting a role for MLE in nucleosome remodeling, apart from its functions in the 

male-specific lethal (MSL) complex that mediates dosage compensation (Cugusi et al., 

2015). The DEAD-box helicase Ddx5 is involved in mRNA splicing, miRNA biogenesis, and 

also in transcriptional regulation. With regard to the latter, there is evidence that Ddx5 

represses transcription, when it is targeted to constitutively active promoters and interacts 

with HDAC1 and Dnmt3a (Wilson et al., 2004) (Mpakali et al., 2012). Similar to Ddx5, Lsh 

was shown to associate with the de novo DNA methyltransferases Dnmt3a and Dnmt3b, as 

well as the histone deacetylases HDAC1 and HDAC2, in order to mediate gene silencing 

(Zhu et al., 2006) (Myant and Stancheva, 2007) (Zhou et al., 2009). Another example is the 

RNA helicase Rm62. Rm62 plays a role in processes such as alternative splicing, RNA 

export and RNA interference-mediated silencing. Studies in flies unveiled a direct interaction 

of Rm62 with the histone methyltransferase SU(VAR)3-9. Rm62-dependent recruitment of 

SU(VAR)3-9 to heat shock loci is responsible for H3K9 methylation and contributes to the 

establishment of transcriptionally inactive chromatin (Boeke et al., 2011). As for Rm62 and 

SU(VAR)3-9, a similar function was indicated for Lsh and the histone methyltransferase G9a. 

Myant and colleagues report cooperation between Lsh and G9a to silence pluripotency 

genes during lineage commitment and cell differentiation. Following efficient knock-down of 

LSH, ChIP data revealed impaired recruitment of G9a to promoters of pluripotency genes. 

However, their data do not show direct interactions between Lsh and G9a. Consequently, 

Lsh is suggested to promote chromatin remodeling, which facilitates the binding of G9a to a 

subset of genomic loci (Myant et al., 2011). 

Taken together, a functional relationship between Lsh and RNA helicases cannot be ruled 

out. However, the helicase activity of Lsh has not been described to date. Furthermore, most 

RNA helicases display clear specificity for RNA, and published data showing RNA helicases 

making contacts to nucleosomes do not exist. ChIP analyses offer chromatin-association of 

some RNA helicases, such as Dbp2 or DDX21 (Cloutier et al., 2012) (Calo et al., 2015). 

Yet, nucleosome binding cannot be derived from ordinary ChIP experiments. The helicase 

could simply bind to nucleosome depleted regions, or linker regions without contacting the 

nucleosomes. Depending on crosslinking times, also proteins binding indirectly can 

immunoprecipitate; as many RNA helicases operate in large protein complexes, other 

components of the complex could mediate nucleosome binding. In addition, overexpression 

of a protein in cells followed by ChIP analyses may lead to false positive results. 

This work demonstrates that Lsh can directly contact the nucleosomal core. It also shows 

that nucleosomes strengthen the ATPase activity of Lsh. 

Moreover, Lsh contains Snf2-specific sequence motifs that are indicative of Snf2-specific 

structural features, distuingishing the Snf2 family from DexH and DEAD-box RNA helicases. 
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Therefore, Lsh is functionally more closely related to other members of the Snf2 family than 

to RNA helicases. 

4.4 DNA methyltransferases do not activate Lsh ATPase 
 in vitro 

Lsh is known to regulate DNA methylation during development (Dennis, 2001). 

Knock-down of LSH gene expression in embryonic stem cells reduces DNA methylation at 

pluripotency genes, which is due to loss of de novo DNA methylation (Myant et al., 2011) 

(Zhu et al., 2006). Furthermore, embryos from Lsh knock-out mice have numerous organ and 

developmental defects (Sun, 2004), and deletion of Lsh in mice is accompanied by 

widespread decrease in CpG methylation, comprising about 30% of all cytosines in the CpG 

context (Yu et al., 2014). Recent studies suggest that a functional ATPase domain of Lsh is 

required for efficient CpG methylation and the association of Dnmt3b at target sites of repeat 

elements (Ren et al., 2015). Alltogether, these data prompted the investigation of the impact 

of Dnmts on the ATPase activity of Lsh in vitro. Therefore, recombinant Dnmt1, Dnmt3a and 

Dnmt3b2 were included in ATPase assays. Each Dnmt was titrated in the presence of either 

Lsh WT or Lsh KR in combination with a nucleosomal array. However, all tested Dnmts had 

no stimulatory effect on the ATPase activity of Lsh (chapter 3.10; Fig 3.25). 

Accessory proteins or subunits of remodeling complexes are known to regulate ATPase 

activity and nucleosome mobilization of chromatin remodelers. In particular, C/EBPα is able 

to associate with Brg1 in vitro and to stimulate its ATPase activity (Inayoshi et al., 2006). The 

PHD- and chromodomains of Chd proteins like Chd4 and Chd1 are reported to regulate 

ATPase as well as remodeling activity (Watson et al., 2012) (Hauk et al., 2010), whereas 

actin-related proteins (ARPs) are critical components of the yeast chromatin remodeling 

complexes INO80 and RSC, as lack of ARPs reduces ATPase activity (Shen et al., 2003) 

(Szerlong et al., 2008). Several reports showed interactions of Lsh with Dnmts, suggesting 

complex formation in order to repress transcription (Zhu et al., 2006) (Myant and Stancheva, 

2007) (Dunican et al., 2015). Yet such complexes would exist only transiently as Lsh exists 

as monomer in nuclear extracts of human cells (Myant and Stancheva, 2007). The results of 

the ATPase assays indicate that the cooperation of Lsh with Dnmts does not contribute to its 

ATPase activity and that other factors are required for ATPase stimulation. 
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4.5 Working model of the mechanism of action 

The primary aim of this work was to study the mechanistic properties of Lsh that embody the 

basis for its well-documented importance for the establishment of transcriptionally inactive 

chromatin. In this respect, Lsh is supposed to remodel nucleosomes in an ATP-dependent 

fashion, regulating DNA accessibility. This is a crucial point during the setting of repressive 

DNA methylation marks, as DNA methyltransferases are unable to recognize and modify 

DNA in a nucleosomal context. 

For a molecular characterization of Lsh, a detailed analysis of its binding behavior as well as 

ATPase and remodeling activity was performed in vitro. In sum, the data presented in this 

work can be illustrated and interpreted as shown in the following working model of the 

mechanism of action of Lsh (Fig 4.3): 

According to FRAP analyses from Lungu and colleagues (Lungu et al., 2015) as well as 

results shown in the presented study, Lsh is probably not tightly associated with chromatin 

when it is active. Thus, upon RNA binding and stimulation of ATPase activity by RNA, Lsh 

could continuously sample nucleosomes by transiently binding and dissociating from 

nucleosomes, analogous to a continuous sampling model (Erdel et al., 2011) (see chapter 

4.3.4). In this regard, RNA may not only trigger ATPase activity but also serve as a targeting 

factor. At target sites, an increased but still weak affinity to chromatin results in an increase in 

ATPase activity until Lsh stably associates with chromatin and the RNA is displaced from its 

binding site. Binding to chromatin may occur in the linker regions at the entry/exit sites of 

nucleosomes, and Lsh possibly multimerizes upon binding. In doing so, it possibly binds 

across the dyad axis of the nucleosome. Thereby, Lsh could spread in a nucleosomal array 

and in this way mark genomic regions in vivo. After dissociating from chromatin, Lsh may 

interact again with RNA. 

Yet the question whether Lsh mobilizes nucleosomes remains unsolved. Alternatively, Lsh 

could function as an anchor protein with the ability to recognize specific epigenetic chromatin 

marks. Subsequently, Lsh might direct the organization of chromatin structure by recruiting 

Dnmts and HDACs and thereby facilitate gene silencing at specific genomic loci. 
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Fig 4.3: Working model of the mechanistic mode of action of Lsh. 
Lsh interacts with chromatin transiently and probes nucleosomes when RNA is bound and stimulates its ATPase 
activity. At target sites like DNA repair sites or gene loci supposed to be silenced, concurrent binding to chromatin 
and RNA results in increased ATP hydrolysis (a). Increased and finally stable association of Lsh with chromatin 
accounts for the displacement of RNA. Eventually, this leads to an inactive ATPase (b). Factors resulting in the 
weakening of the interaction with chromatin could enable repeated binding of RNA (c). It remains an open 
question whether Lsh remodels nucleosomes. Being trapped on chromatin when inactive, Lsh could also act as a 
sort of anchor protein recruiting Dnmts in order to facilitate DNA methyation. 
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4.6 Perspectives 

With a view to identify the interaction domain that is responsible for DNA and RNA binding, it 

was tried to generate deletion mutants of Lsh. In addition, it is possible that Lsh contains a so 

far undescribed inhibitory domain negatively influencing ATP binding or hydrolysis, as 

described for D. melanogaster ISWI (Clapier and Cairns, 2012). The deletion mutants could 

also serve to study the existence of such inhibitory domains in Lsh. However, either 

expression of the mutants failed or the elution fractions collected during purification attempts 

contained a number of contaminants (data not shown). 

To date, it is not known whether Lsh contains domains with similarities to interaction domains 

of chromatin remodelers, such as plant homeodomain (PHD) fingers, chromodomains, 

bromodomains, HAND-SANT-SLIDE (HSS) domains and helicase-SANT-associated (HSA) 

domains. For this purpose, multiple sequence alignments were carried out with MSAProbs, a 

software tool that uses an accurate and well-documented multiple sequence alignment 

algorithm for protein sequences (Liu et al., 2010) (Gudyś and Deorowicz, 2014). The protein 

sequence of Lsh was compared to protein sequences of remodelers containing the 

interaction domain. The respective remodelers were selected from literature (remodelers with 

PHD domain: (Bienz, 2006); remodelers with bromodomain: (Jeanmougin et al., 1997); 

remodelers with HSS domain: (Grüne et al., 2003); remodelers with HSA domain: (Szerlong 

et al., 2008); remodelers with chromodomains: (Yap and Zhou, 2011)). According to the 

results of the sequence alignments, Lsh does not contain regions with motifs characteristic 

for PHD fingers, bromodomains and HSS domains (data not shown). In contrast, amino acids 

(aa) 30–115 and aa 142–206 of Lsh show overlaps with parts of HSA/post-HSA domains and 

chromodomains of chromatin remodelers (Fig 4.4).  
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Fig 4.4: Multiple sequence alignments of Lsh (Hells) and HSA/post-HSA domains and chromodomains of 
chromatin remodelers. 
Amino acids (aa) 10–79 of Lsh (referred to as Hells) are aligned to HSA/post-HSA domains of chromatin 
remodelers selected from Szerlong et al., Nature Struct. & Mol. Biol. 2008. Aa 69–115 and aa 142–206 of Lsh are 
aligned to chromodomains of chromatin remodelers selected from Yap and Zhou, Biochemistry 2008. Multiple 
sequence alignments were performed with MSAProbs and were visualized with the UGENE software tool. 
Numbers in brackets in one of the protein sequences (STH1 YEAST) show streches of amino acids that are not 
included in the rest of the protein sequences of the alignment. The degree of sequence similarity is color-coded 
and additionally indicated as bars on top of the alignments. A black line indicates the coiled-coil domain of Lsh. 
Violet lines indicate HSA/post-HSA domain, and turquoise lines indicate chromodomains. 
 

Amino acids 30–115 represent the coiled-coil domain of Lsh. Coiled-coils are highly versatile 

protein motifs and can act as protein-protein interaction motifs, for example as dimerization 

domains in transcription factors and receptor kinases, or function as "zippers" in membrane 

fusion proteins. Besides being integral parts of molecular motors such as actins and kinesins, 

coiled-coil proteins with ATPase and GTPase domains often function in protein folding and 

DNA repair (Rose et al., 2005). Interestingly, the transcriptional repressor p66α and the 

methyl-binding domain protein MBD2, both components of the chromatin remodeling 

complex NURD, bind to each other via coiled-coils, and this coiled-coil interaction is 
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functionally important for MBD2-NURD mediated gene silencing (Gnanapragasam et al., 

2011). Transferred to Lsh, the coiled-coil domain could be an interaction region responsible 

for the association with yet unknown but possibly important factors for the putative 

remodeling function of Lsh. In support of the suggested relevance for protein-protein 

interactions, the coiled-coil domain of Lsh and parts of HSA and post-HSA domains of 

remodelers share several amino acids (Fig 4.4). HSA domains of remodelers are binding 

platforms for actin and actin-related proteins (ARPs), and are supposed to contribute to the 

ATPase activity of ARP containing remodeling enzymes (Szerlong et al., 2008). For future 

experiments to identify functionally important interaction partners, one could try to isolate the 

coiled-coil domain and also generate a deletion version missing the coiled-coil domain and 

do pulldown assays, and afterwards look for differences in the fractions of bound proteins 

between WT the deletion mutants. 

Furthermore, the multiple sequence alignments show that the coiled-coil domain (aa 69–115) 

and the region of Lsh comprising aa 142–aa 206 have protein sequence similarities with 

chromo1 and chromo2 domains of chromatin remodelers from the CHD family (Fig 4.4). 

Chromodomains usually serve as methylated histone-lysine binding motifs, facilitating 

recruitment to chromatin (Yap and Zhou, 2011). Thus it would be of interest to study whether 

Lsh prefers binding to nucleosomes containing methylated lysine residues to nucleosomes 

reconstituted with unmodified histones. 

Clapier and Cairns defined two new regulatory regions on D. melanogaster ISWI, termed 

AutoN and NegC, which negatively regulate ATP hydrolysis (AutoN) or the coupling of ATP 

hydrolysis to DNA translocation (NegC). The AutoN domain contains a region similar to the 

so-called “basic patch“ of the histone H4 tail. Point mutations of the two arginine residues in 

this basic patch-like region have been found to increase ATPase activity and increase 

remodeling rates (Clapier and Cairns, 2012). According to multiple sequence alignments of 

Lsh and ISWI homologs, Lsh contains arginine residues at positions matching the two 

arginine residues in the basic patch-like region included in the AutoN domain of ISWI 

remodelers (Fig 4.5 A). 
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Fig 4.5: Multiple sequence alignments of Lsh (Hells) and AutoN and NegC domains of ISWI homologs. 
(A) The protein sequence (aa 117–163) of Lsh (referred to as Hells) is aligned to AutoN domains of ISWI 
remodelers. The basic patch-like region is highlighted in a rectangle. (B) The protein sequence (aa 792–825) of 
Lsh (referred to as Hells) is aligned to NegC domains of ISWI remodelers. AutoN and NegC domains were 
defined by Clapier and Cairns (Clapier and Cairns, 2012). Multiple sequence alignments were performed with 
MSAProbs and were visualized with the UGENE software tool. The degree of sequence similarity is color coded 
and additionally indicated as bars on top of the alignments. Black lines indicate the AutoN domain and the NegC 
domain. 
 

Replacement of these two arginine residues with alanines, analogous to experiments done 

by Clapier and Cairns in terms of D. melanogaster ISWI, potentially increase the ATPase 

activity of Lsh. The alignments also show that Lsh shares a region (aa 792–aa 825) with 

similarity to NegC domains of ISWI remodelers (Fig 4.5 B). Assuming that Lsh remodels 

nucleosomes, deletion of this region possibly contributes to sliding activity.

 

sequence homology

NegC domain

AutoN domain

A

B

117 163

792 825

basic patch - like
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5 Materials and Methods 

5.1 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 Biolabs (Frankfurt am Main), Promega (Mannheim), Roche (Mannheim), Roth 

(Karlsruhe), Serva (Heidelberg), Bio-Rad (Munich), Stratagene/Agilent (Waldbronn), Sigma-

Aldrich (Munich) and Qiagen (Hilden). Radioactive nucleotides were ordered at Hartmann 

Analytics (Brunswig). 

5.1.1 Technical devices 

Description               Supplier

Agarose gel UV imaging system 

Sonifier 250D 

Fluorescence Image Readers 

FLA-3000, FLA-5000, Typhoon FLA 9500  

Chemiluminescence Image Reader 

LAS-3000 

Centrifuge Centrikon T-324 

PCR machines 

Peristaltic-pump LKB-P1 

Tabletop centrifuge 

Trans-blot SD Semi-dry transfer cell 

Thermomixer Compact 

Ultracentrifuge Centrikon T-1170 

OptimaTM L-80 XP 

Ultrospec 3100 pro 

Uvikon Spectrophotometer 922 

Monolith NT.115 and NT.015T 

Purelab Ultra 

Axiovert 200M 

Nanodrop ND-1000 Spectrophotometer 

 

GelMax, Intas 

Branson 

Fujifilm, GE Healthcare 

 

Fujifilm 

 

Kontron Instruments 

Peqlab, Bio-Rad, Perkin Elmer 

GE Healthcare 

Eppendorf 

Bio-Rad 

Eppendorf 

Kontron Instruments 

Beckman Coulter 

Amersham Biosciences 

Kontron Instruments 

NanoTemper Technologies 

ELGA 

Zeiss 

Peqlab 
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5.1.2 Software tools 

Software Application Supplier 

Multigauge V3.1 LAS reader viewer software Fujifilm 

Sigmaplot V12.5 graphical analysis software Systat Software 

RNAfold RNA secondary structure 
prediction tool 

(http://rna.tbi.univie.ac.at/cgi-
bin/RNAfold.cgi) 

Netprimer primer design tool Premierbiosoft 
(www.premierbiosoft.com) 

BindN RNA/DNA binding residue 
prediction tool (http://bioinfo.ggc.org/bindn/) 

VectorNTI V11 in silico cloning tool, organization 
tool Invitrogen 

NEB double digest finder restriction digest tool New England Biolabs 
(www.neb.com) 

Reverse complement nucleic acid reverse complement 
tool 

(http://www.bioinformatics.org/sm
s/rev_comp.html) 

MSAProbs amino acid alignment tool (http://msaprobs.sourceforge.net) 

UGENE 1.20 nucleic acid and protein sequence 
editing and annotation tool Unipro 

Blast comparative alignment and 
search tool 

(http://blast.ncbi.nlm.nih.gov/Blast
.cgi) 

Protparam protein parameter analysis tool (http://web.expasy.org/protparam/
) 

ImageJ V1.48 image processing program (open source) 

4Peaks V1.7.1 DNA trace file viewer Mekentosj 

EMBOSS needle pairwise protein sequence 
alignment tool 

(http://www.ebi.ac.uk/Tools/psa/e
mboss_needle) 

Phyre2 3-dimensional protein structure 
predicting tool (www.sbg.bio.ic.ac.uk/phyre2/) 
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5.1.3 Chemicals and consumables 

Description               Supplier

5-Methyl-dCTP 

1.5 ml and 2 ml micro centrifuge tubes 

15 ml and 50ml tubes  

Agarose (ME, LE GP and low melting) 

Ammonium acetate  

Ammonium persulfate (APS) 

ATP 

[γ-32P]-ATP (300Ci/mmol) 

Bacto Agar  

Bacto Peptone  

Bacto Tryptone  

Barrier food wrap 

Blue Gal  

Boric acid 

Bradford reagent  

Bromophenolblue 

BSA (albumin fraction V)  

BSA purified  

ß‐Mercaptoethanol 

Cellculture flasks 

Columns, 1.5 ml, 35 µm filter pore 

Concentration tubes Microsep 10K, 30K 

Coomassie G250 

Cryovials 

DEPC  

Dialysis membranes, 6–8 kD MWCO  

DMSO  

dATP, dGTP, dTTP  

dNTP mix 

DTT  

EDTA 

EGTA  

Ethidium bromide 

ETOH tech., p.a.  

TriLink Biotechnologies 

Eppendorf/Sarstedt 

Sarstedt 

Biozym 

Merck 

Merck 

Sigma 

Hartmann Analytics 

BD 

BD 

BD 

Saran 

Invitrogen 

Merck 

Bio-Rad 

Serva 

Sigma 

NEB 

Sigma 

Greiner 

MoBiTec 

Omega 

Serva 

Roth 

Sigma 

Spectra Por 

Sigma 

Genaxxon 

NEB/Qiagen 

Roth 

Sigma 

Sigma 

Sigma 

Merck 
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Description           Supplier

Filter paper Whatman 3MM  

Filter tips  

Filter unit  

Formaldehyde, 37% 

Glass pipettes 5 ml and 10 ml  

Glassware  

Glycerin  

Glycogen 

HEPES 

IPTG 

Isopropanol p.a.  

Laboratory film 

Lithium chloride  

Magnesium acetate  

Magnesium chloride  

Methanol p. a  

Milk powder 

Monolith NT115 standard treated capillaries 

MOPS 

Nickel-NTA-agarose (Ni2+-beads) 

Nitrocellulose membrane (GSWP, 0.22 µM) 

NP40 

Orange G  

Pasteur pipettes 

PCR‐reaction tubes 0.2 ml 

Petridishes and tissue culture dishes 

Pipette tips  

PMSF  

Potassium chloride  

Protein gel cassettes (disposable)  

Rotiphorese acrylamid‐bisacrylamid 

Siliconized 1.5 ml reaction tubes 

 

 

Whatman 

Roth 

Nalgene, 0.2 µm filter holes 

Roth 

Hirschmann® 

Schott 

Merck 

Roche 

Roth 

Roche 

Merck 

Parafilm® 

Sigma 

Merck 

Merck 

Merck 

Sucofin 

NanoTemper Technologies 

Roth 

Qiagen 

Millipore 

Sigma 

Sigma 

Brand 

Biozym 

Greiner, Sarstedt 

Gilson, Brand 

Sigma 

Merck 

Invitrogen 

Roth 

Eppendorf, Bio-Rad 
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Description               Supplier 

Sodium chloride 

Sodium dodecyl sulfate (SDS) 

Sodium phosphate mono‐sodium salt 

Sodium phosphate di‐sodium salt 

Sucrose 

Sybr Safe 

Syringes and accessories  

TCEP 

TEMED 

TLC plates 

Tris 

Triton X‐100 

TRIzol 

Trypsin/EDTA (TC) 

Tween 20 

Ultracentrifugation tubes for SW40 rotor  

Urea  

X-tremeGENE 

Yeast extract 

Chloroform 

Fetal bovine serum 

VWR 

Roth 

Merck 

Merck 

Roth 

Invitrogen 

Roth 

Sigma 

Roth 

Merckmillipore 

Invitrogen 

Sigma 

Ambion 

PAA 

Sigma 

Beckman Coulter 

Merck 

Roche 

BD 

Roth 

Sigma 
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5.1.4 Standard solutions 

Stock solutions and buffers were prepared according to standard protocols (Sambrook and 

Russell, 2001) (Roche, 2011). Protease Inhibitor Cocktail (Roche) was freshly added. 

Common solutions are listed below. 

 

Buffer                Composition

Annealing buffer 

 

 

 

EX-X buffers 

 

 

 

 

 

 

Phosphate Buffered Saline (PBS) 

 

 

 

 

 

Tris Buffered Saline, 10x (10xTBS) 

 

 

 

TBST buffer 

 

TBST-milk 

 

 

TBST-BSA 

 

 

20 mM Tris-HCl pH 7.4 

2 mM MgCl2 

50 mM NaCl 

 

20 mM Tris-HCl pH 7.6 

1.5 mM MgCl2 

0.5 mM EGTA 

10% glycerol 

X mM KCl 

pH adjusted to 7.6 with HCl 

 

140 mM NaCl 

2.7 mM KCl 

8.1 mM Na2HPO4 

1.5 mM KH2PO4 

pH adjusted to 7.4 with HCl 

 

100 mM Tris 

1.5 mM NaCl 

pH adjusted to 7.6 with HCl 

 

1xTBS with 0.1% Tween 20 

 

TBST buffer 

5% (w/v) milk powder 

 

TBST buffer 

2.5% (w/v) BSA 
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Buffer                Composition

Transferbuffer (Towbin) 

 

 

 

 

TBE buffer 

 

 

 

TE buffer 

 

 

DNA sample buffer (10x) 

 

 

 

 

 

Orange G loading dye (10x) 

 

 

 

SDS-protein sample buffer (5x) 

 

 

 

 

 

SDS-PAGE stacking buffer (4x) 

 

 

 

SDS-PAGE separating buffer (4x) 

 

 

25 mM Tris 

192 mM glycine 

20% methanol 

0.05% SDS 

 

90 mM Tris 

90 mM boric acid 

2 mM EDTA 

 

10 mM Tris-HCl pH 7.6 

1 mM EDTA 

 

50% glycerol 

50 mM Tris-HCl pH 7.6 

10 mM EDTA 

0.05% (w/v) bromophenol blue and xylene 

cyanol 

 

50% glycerol 

10 mM EDTA 

0.05% (w/v) Orange G 

 

300 mM Tris-HCl pH 6.8 

10% (w/v) SDS 

50% glycerol 

5% ß‐Mercaptoethanol 

0.2 % (w/v) bromophenol blue 

 

0.5 M Tris 

0.4 % SDS 

pH adjusted to 6.8 with HCl 

 

1.5 mM Tris 

0.4 % SDS 

pH adjusted to 8.8 with HCl 
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Buffer                Composition 

SDS-PAGE running buffer 

 

 

 

Coomassie staining solution 

 

 

 

MST sample buffer 

 

 

 

 

High salt buffer for chromatin assembly 

 

 

 

 

 

Low salt buffer for chromatin assembly 

 

 

 

 

 

TLC developing buffer 

 

 

MOPS buffer (10x) 

 

 

 

192 mM glycine 

25 mM Tris 

0.1% (w/v) SDS 

 

45% water 

45% methanol 

10% acetic acid 

 

50 mM HEPES pH 7.4 

5 mM MgCl2 

100 mM NaCl 

0.05% (w/v) NP40 

 

10 mM Tris-HCl pH 7.6 

2 M NaCl 

1 mM EDTA 

0.05% NP40 

1 mM ß-Mercaptoethanol 

 

10 mM Tris-HCl pH 7.6 

50 mM NaCl 

1 mM EDTA 

0.05% NP40 

1 mM ß-Mercaptoethanol 

 

0.5 M LiCl 

1 M formic acid 

 

20 mM NaAc 

0.2 M MOPS  

10 mM EDTA 

pH adjusted to 7.0 with 10 M NaOH 
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Buffer                Composition

RNA loading dye 

 

 

 

 

Lysis buffer I His-tag purification 

 

 

 

 

Lysis buffer II His-tag purification 

 

 

 

 

 

Wash buffer His-tag purification 

 

 

 

 

 

Elution buffer His-tag purification 

 

 

 

 

1xMOPS 

2.2 ml formaldehyde (37%) per 10 ml dye  

50% formamide 

0.05% (w/v) bromophenol blue 

 

50 mM Tris-HCl pH 7.6 

100 mM KCl 

0.1% NP40 

Protease Inhibitor Cocktail (Roche) 

 

EX500 

10 mM imidazole 

0.1% NP40 

0.01% ß-Mercaptoethanol 

Protease Inhibitor Cocktail (Roche) 

 

EX500 

20 mM imidazole 

0.1% NP40 

0.01% ß-Mercaptoethanol 

Protease Inhibitor Cocktail (Roche) 

 

EX300 

250 mM imidazole 

0.1% NP40 

0.01% ß-Mercaptoethanol 

Protease Inhibitor Cocktail (Roche) 
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5.1.5 Enzymes 

Enzyme               Supplier

Antarctic Phosphatase 

Micrococcus Nuclease (MNase) 

Proteinase K 

Restriction endonucleases 

DNase I 

RNase A 

T4 polynucleotide kinase (PNK) 

T4 DNA ligase 

Taq DNA polymerase 

Herculase II Fusion Enzyme 

Phusion DNA polymerase

New England Biolabs 

Roche, Sigma 

Sigma 

New England Biolabs 

Roche 

Roche 

New England Biolabs 

New England Biolabs 

Genaxxon 

Agilent 

Finnzyme 

 

5.1.6 Kits 

Kit                Supplier

Herculase II Fusion Enzyme dNTP Combo 

PCR Kit 

QIAquick PCR purification Kit 

QIAEX® Gel Extraction Kit 

QIAprep Spin Miniprep Kit 

Qiagen Plasmid Purification Midi Kit 

PureLinkTMHiPure Plasmid Maxiprep Kit 

Super signal WEST Dura WB Kit 

Bac-to-Bac Baculovirus Expression 

System 

Gateway BP Clonase II Mix 

Gateway LR Clonase II Mix 

NucleoSpin RNA Kit 

Dnmt Activity/Inhibition Assay Kit 

Agilent 

 

Qiagen 

Qiagen 

Qiagen 

Qiagen 

Invitrogen 

Pierce 

Invitrogen 

 

Invitrogen 

Invitrogen 

Macherey-Nagel 

Active Motif 

 



Materials and Methods 

 

– 113 – 

5.1.7 Standard DNA and protein marker

Pre-stained protein marker PAGERuler 

GeneRuler, ultra low range DNA marker 

GeneRuler 1kb plus DNA marker 

Fermentas 

Fermentas 

Fermentas 

 

5.1.8 Protease inhibitors, RNase inhibitors and antibiotics 

Substance               Supplier

Ampicillin 

Kanamycine 

Tetracycline 

Gentamycine 

Chloramphenicol 

Penicillin/Streptomycine 

Protease Inhibitor Cocktail 

RNasin 

Sigma 

Sigma 

Sigma 

Sigma 

Roth 

Invitrogen/Gibco 

Roche 

Promega 

 

 

5.1.9 Bacterial cell lines and media

Bacterial cell lines: 

 
DH5alpha 

description   general DNA plasmid propagation 

resistance  none 

genotype   F‐φ80lacZΔM15 Δ(lacZYA‐argF) U169 endA1 recA1 

hsdR17 (rk‐,mk+) supE44 thi‐1 gyrA96 relA1 phoA 

 

XL1 Blue 

description   F´episome, general DNA plasmid propagation, blue/ white screening 

resistance   tetracycline 

genotype   recA1 endA1 gyrA96 thi‐1 hsdR17 supE44 relA1 lac 

(F'proAB lacIqZDM15) 
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DH10EMBacYFP 

description   E. coli strain that carries the baculoviral shuttle vector bMON14272 

with a lowcopy number mini-F replicon with a kanamycine resitance 

marker and Tn7 transposon attachment sites within the LacZa peptide. 

The helper plasmid pMON7124 encodes for the transposase and 

confers resistance to tetracycline. YFP serves as virus performance 

marker. 

resistance   kanamycine, tetracycline 

genotype   F–ompT hsdSB (rB–mB–) gal dcm (DE3) pLysSRARE2 

 

 

Media: 

 

LuriaBertani (LB) medium 
1.0% (w/v) Bacto‐Tryptone 

1.0% (w/v) NaCl 

0.5% (w/v) Bacto‐Yeast extract 

Adjust pH to 7.0 with 10 M NaOH 

Medium was autoclaved for 20 min at 120°C. Appropriate antibiotics were added in standard 

concentrations (Roche, 2011) prior to usage. For preparing plates, LB medium was mixed 

with 2 % agar and the appropriate antibiotics were added after cooling down to 50°C. 

 

SOB medium 
2 % (w/v) Bacto‐Tryptone 

10 mM NaCl 

0.5% (w/v) Bacto‐Yeast extract 

2.5 mM KCl 

10 mM MgCl2* 

Adjust pH to 7.0 with 10 M NaOH 

* add before use 

The medium was autoclaved for 20 min at 120°C. 
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5.1.10 Eukaryotic cell lines and media 

HEK293 

cell type    human embryonic kidney 

growth conditions   37 °C, 5% CO2, D-MEM‐GlutaMAX, 10% FCS, 1% Pen/Strep 

supplier    ATCC, cells were received second hand from I. Araya 

 

HeLa 

cell type    human cervix carcinoma 

growth conditions   37 °C, 5% CO2, D-MEM‐GlutaMAX, 10% FCS, 1% Pen/Strep 

supplier    ATCC, cells were received second hand from I. Araya 

 

Sf21 

cell type    insect cell line (Spodoptera frugiperda) 

growth conditions   27°C, Sf-900TM II SFM (Gibco), shaking (100 rpm) 

supplier    cells were received second hand from L. Manelyte 

5.1.11 Antibodies 

Antibody   Supplier  Description   Dilution

HisProbe-HRP  ThermoFisher  none    1:1000 

Penta His   Qiagen  mouse, monoclonal  1:3000 

Anti-6x His-tag  Abcam   mouse, monoclonal  1:1000 

Lsh (H-4; sc 46665)  Santa Cruz  mouse, monoclonal  1:1000 

5.1.12 Oligonucleotides 

All oligonucleotides used in this study were purchased from Eurofins MWG Operon and 

Integrated DNA Technologies. Oligonucleotides were diluted with MilliQ-water to a final 

concentration of 100 µM. Oligonucleotides for PCR amplification and sequencing reactions 

were designed to show a minimum of secondary structure, primer dimerization and with a 

melting temperature Tm of 60°C with the freely available Netprimer software provided by 

Premierbiosoft. 
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Unmodified DNA oligonucleotides: 

 
Name;   Application;    Sequence (5’–3’) 
Orientation  Amplicon and template 
TGP_30; for  cloning ;    CCTAGGGGGGACAAGTTTGTACAA 

   full-length Lsh WT and Lsh-Nterm AAAAGCAGGCTCCACCATGCCAGC 

   template: pTriEXLsh10xC-His  GGAACGGCC

TGP_31; rev  cloning;     CCTAGGGGGGACCACTTTGTACAA 

   full-length Lsh WT   GAAAGCTGGGTCAAACAAACATTC 

   template: pTriEXLsh10xC-His  AGGACTGG

TGP_45; for  site-directed mutagenesis;  GGATTGGGTAGAACAGTTCAGTG 

   full-length Lsh KR   (in red: mismatched bases to  

   template: pDFB7LshWT6xC-His create point mutation)

TGP_46; rev  site-directed mutagenesis;  ACTGAACTGTTCTACCCAATCCC 

   full-length Lsh KR   (in red: mismatched bases to  

   template: pDFB7LshWT6xC-His create point mutation

TGP_54; for  cloning;     CCTAGGGGGGACAAGTTTGTACAA 

   Lsh-ATPase/Helicase domain  AAAAGCAGGCTCCACCATGCTTTG 

   and Lsh-ATPase domain  GGAAAATGGA 

   template: pDFB7LshWT6xC-His 

TGP_55; rev  cloning;     CCTAGGGGGGACCACTTTGTACA 

   Lsh-ATPase domain   AGAAAGCTGGGTCATCTGGCAACA 

   template: pDFB7LshWT6xC-His AAAAGTTTAG

TGP_56; rev  cloning;     CCTAGGGGGGACCACTTTGTACAA 

   Lsh-ATPase/Helicase domain  GAAAGCTGGGTCATCTAAGAAATT 

   template: pDFB7LshWT6xC-His CTTAGACA

TGP_58; rev  cloning;     CCTAGGGGGGACCACTTTGTACAA 

   Lsh-Nterm    GAAAGCTGGGTCAAGCCATTCCA 

   template: pTriEXLsh10xC-His  TGCCTTCTA

MF_77; for  MST; BN601 fragments   AGATCTTTTGAGGTCCGGTTCTT 

   generated by PCR on pGA4 BN601-m1

MF_78 ; rev  MST; BN601 fragments   ATCTTAGTACGGAGAGGGAGCG 

   generated by PCR on pGA4 BN601-m1

RM_08; for  ATPase assays; 601-10N-601  GCGAATTGGAGCTCCACCGC 

   generated by PCR on pBS-601-10N-601

RM_09; rev  ATPase assays; 601-10N-601  CGTCGTCATCCTTGTAATC  

   generated by PCR on pBS-601-10N-601 
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Name;   Application;    Sequence (5’–3’) 
Orientation  Amplicon and template 
mDNA_-190; for MST, EMSA and remodeling;  TATCAGTTCTCCGGGTTGTCAGG 

   rDNA promoter fragment -190/+90 TC    

   template: pT7Blue-m-190+90

AP_7; for  MST and EMSA;   GATCCAGAATCCTGGTGCTGAG 

   0-NPS-0 

   template: pPCRScript_slo1-gla75

AP_1; for  MST, EMSA, remodeling and   ATCTTTTGAGGTCCGGTTCTTT

   ATPase assays; 

   77-NPS-77 

   template: pPCRScript_slo1-gla75

AP_15; rev  ATPase assays;   GTACAGAGAGGGAGAGTCACAAA 

   77-NPS-77    AC 

   template: pPCRScript_slo1-gla75

En3D_for  MST and EMSA   TCTTTTTTTTTTTTTTTCTTTTTTCC 

        TCC

AIR down 20; rev MST     GGAATCGTCCACGCGTTAGA

AIR down 35; rev MST     CAAGGGGACGATTCCACGCGTTA 

        GACGATTCCGCA

AIR down 60; rev MST     GCACCGTGATTCGAGATCGCGAC 

        CTCAATCGGACGATTCCACGCGTT 

        AGACGATTCCGCA 

 

Modified DNA oligonucleotides: 

 
Name;   Application;   Modification  Sequence (5’–3’) 
Orientation  Amplicon and template 
fl TGP_2; for  MST; BN601 fragments  5’-Cy5   AGATCTTTTGAGGT 

   template: pGA4 BN601-m1    CCGGTTCTT

fl TGP_3; rev  MST; BN601 fragments  5’-Cy3   ATCTTAGTACGGAG 

   template: pGA4 BN601-m1    AGGGAGCG

mDNA_90; rev MST, EMSA, remodeling;  5’-Cy5   GAATAGGCTGGACA

   murine rDNA promoter      AGCAAAACAGCC

   fragment (190/+90) 

   template: pT7Blue-m-190+90 
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Name;   Application;   Modification  Sequence (5’–3’) 
Orientation  Amplicon 
fLP_26; rev  MST and EMSA;  5’-Cy3   TAGCTGTATATATC 

   0-NPS-0      TGACACATG 

   template: pPCRScript_slo1-gla75

fLP_25; rev  MST, EMSA, remodeling 5’-Cy3   GTACAGAGAGGGA 

   77-NPS-77;      GAGTCACAAAAC

   template: pPCRScript_slo1-gla75

En3D_rev  MST and EMSA  5’-Cy5   GGAGGAAAAAAGAA

          AAAAAAAAAAAAAA 

          GA

AIR up 20; for  MST    5’-Cy5   TCTAACGCGTGGAC 

          GATTCC

AIR up 35; for  MST    5’-Cy5   TGCGGAATCGTCTA 

          ACGCGTGGAATCGT 

          CCCCTTG

AIR up 60; for  MST    5’-Cy5   TGCGGAATCGTCTA 

          ACGCGTGGAATCGT 

          CCGATTGAGGTCG 

          CGATCTCGAATCAC 

          GGTGC

 

Modified RNA oligonucleotides: 

 
Name;   Application;   Modification  Sequence (5’–3’) 
Orientation  Amplicon 
En3D_RNA  MST and EMSA  5’-FAM   CCUCCUUUUUUCU 

          UUUUUUUUUUUUU 

          UCU 

5.1.13 Plasmids 

General plasmids: 

Plasmid   Insert       Created by 

pPCRScript_slo1-gla75 trimeric nucleosome positioning sequence   Sloning

    NPS1 with rDNA and hsp70 DNA flankings 

pUC18 12x 601  12 repeats of 200 bp long 601 NPS in  J. Widom 

    pUC18 plasmid 

pGA4 BN601-m1  vector containing a modified 601 sequence  Mr. Gene
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Plasmid   Insert       Created by 

pBS-601-10N-601  2 repeats of 601 NPS sequence separated  J. Reese 

    by 10 nucleotides of random sequence

pCMV14   CMV promoter containing vector   Stratagene

pT7Blue-m-190+90  murine rDNA promoter sequence (-190/+90) L. Manelyte 

pTriEx-Lsh-WT-10xC-His human full-length Lsh WT with    Mr. Gene

    C-terminal 10xHis-tag

 

GATEWAY plasmids: 

Plasmid   Insert       Created by 

pDONR221   attP sites containing donor vector to create  Invitrogen 

    GOI containing entry clones by site specific 

    recombination

pDONR221-GOI  entry clones with the following GOIs:  T. Gross 

    full-length (fl) Lsh, WT and KR, 

    Lsh-ATPase domain, WT and KR, 

    Lsh-ATPase/Helicase domain, WT and KR, 

    Lsh-Nterm WT

pDM3-Lsh-N-Flag_C-His destination vector with full-length Lsh   T. Gross 

    WT gene and N-terminal Flag tag 

    and C-terminal His-tag;     

    the vector is suited for bacterial expression 

pDM7-GOI-6xC-His  destination vectors with the following GOIs:  T. Gross 

    Lsh-ATPase domain, WT and KR, 

    Lsh-ATPase/Helicase domain, WT and KR, 

    Lsh-Nterm WT;      

    GOIs are fused to a C-terminal His-tag;   

    the vector is suited for bacterial expression

pDFB7-GOI-6xC-His  destination vectors with the following GOIs:  T. Gross 

    full-length (fl) Lsh, WT and KR, 

    Lsh-ATPase/Helicase domain, WT and KR, 

    Lsh-Nterm WT;      

    GOIs are fused to a C-terminal His-tag;   

    plasmids are used for recombination into    

    baculovirus shuttle bacmid



Materials and Methods 

 

– 120 – 

5.1.14 Baculoviruses 

Gene of interest (GOI)   Virus

human Lsh, WT and KR mutant  pDFB7-fl-LshWT-6xC-His and pDFB7-fl-LshKR-

      6xC-His were recombined into bacmid DNA, and 

      recombinant viruses were generated 

 

human Lsh AH, WT and KR mutant  ATPase domain in combination with Helicase 

      domain of Lsh WT and KR (pDFB7-LshAH- 

      WT-6xC-His and pDFB7-LshAH-KR-6xC-His) 

      were recombined into bacmid DNA, and  

      recombinant viruses were generated 

 

human Lsh WT-Nterm, aa 1–234  N-terminus of Lsh WT (pDFB7-LshNterm-WT-

      6xC-His) was recombined into bacmid DNA, and 

      recombinant virus was generated 

5.1.15 Histones 

Core histone octamers were purified from chicken erythrocytes and provided in the 

laboratory by E. Silberhorn. 

 
Fig 5.1: Histone octamers purified from chicken erythrocytes. 
1 µg of octamers was loaded onto a 17% SDS gel and subsequently stained with coomassie blue. Bands of the 
four core histones H2A, H2B, H3 and H4 are depicted in lane 2 (adapted from J. Exler, PhD thesis, 2010). 
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5.2 Methods 

All molecular work like preparation and transformation of chemically-competent bacteria with 

DNA, amplification of plasmid DNA in E.coli, purification, concentration determination, 

restriction enzyme digestion, ligation of DNA fragments, analysis of DNA on agarose and 

polyacrylamide gels, and amplification of DNA by polymerase chain reaction (PCR) was 

performed following standard protocols (Sambrook and Russell, 2001). Bacteria were 

cultured in LB medium, and appropriate antibiotics were added corresponding to the plasmid-

encoded resistance. The plasmid DNA was isolated with DNA purification kits 

(Invitrogen/Qiagen). Isolation of DNA fragments from agarose gels was performed using the 

Qiagen Gel Extraction kit. 

5.2.1 Working with DNA 

5.2.1.1 Determination of DNA quality and quantity 

The NanoDrop ND1000 spectrophotometer (Peqlab) was used to determine DNA 

concentration and purity by absorption measurements at 260 nm. Protein impurities can be 

determined by absorption measurement at 280 nm. The ratio A260/280 provides information 

about the purity of the DNA. DNA quality was additionally analyzed by agarose gel 

electrophoresis. 

5.2.1.2 Polyacrylamide and agarose gel electrophoresis 

Agarose gel electrophoresis was generally performed with gels containing 0.8–1.2 % (w/v) 

agarose in 1x TBE buffer, 1:10000 SYBR Safe (Invitrogen), in 1xTBE running buffer at a 

constant voltage of 100–120 V. DNA standard marker and samples were supplemented with 

6x DNA loading dye. In contrast to agarose gel electrophoresis, DNA was separated by 

polyacrylamide gel electrophoresis (PAGE) in 0.4x TBE at 100 V. In order to remove 

unpolymerized acrylamide, gels were pre-runned for 30–45 min at 50–70 V. For visualization, 

the gels were stained in 0.4x TBE containing ethidiumbromide (0.5mg/ml) for 15 min and 

washed twice with distilled water for 10 min each. 

5.2.1.3 Restriction enzyme digestion 

Restriction enzymes were used at reaction conditions according to the manufacturer's 

recommendations concerning buffer, addition of BSA, incubation time and temperature (see 

www.neb.com). For analytical digestion 0.2–1 µg DNA was incubated with 5 units of the 

respective restriction endonuclease in a total volume of 25 µl. The preparative restriction 

enzyme digestion was usually done with 5–10 µg DNA using 4 units restriction endonuclease 
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per 1 µg DNA in a total volume of 50 µg. To check completion of enzyme digestion, DNA 

was electrophoretically separated using 0.8–1.2% TBE-agarose gels supplemented with 

SYBR Safe (Invitrogen). 

5.2.1.4 DNA ligation 

Ligation of sticky or blunt-ended DNA fragments was performed using the T4 DNA ligase 

(NEB). The molar ratio of insert to vector was kept in a range between 3/1–5/1. The ATP 

containing 10x ligase buffer was stored in aliquots at -20 °C. Ligation reaction was performed 

in a total volume of 20 µl at 16 °C overnight (O/N). 

5.2.1.5 Polymerase chain reaction (PCR) 

For PCR reactions used in cloning procedures, the Phusion polymerase (Finnzyme) was 

used according to the manufacturer’s instructions. The PCR protocol was adjusted for each 

reaction concerning annealing temperature and time as well as elongation time. The general 

outline and a typical reaction mix are depicted in the tables below. 

 
Cycle step Temperature (°C) Time Number of cycles 

Initial denaturation 98 °C 3 min 1 

denaturation 98 °C 30 sec 

20 annealing 
50-60 °C 

(depends on primers) 
30 sec 

extension 72 °C 30 sec + 30 sec/kb 

Final extension 72 °C 5 min 1 

 

Reagents Volumes 

Primer for 10µM 2.5 µl 

Primer rev 10µM 2.5 µl 

dNTPs 10 mM 1 µl 

Phusion-buffer 5x 10 µl 

Phusion-pol. 0.5 µl 

Template 200 ng 

H2O 33.5 µl minus µl template 

Total volume 50 µl 

5.2.1.6 Preparative DNA precipitation 

DNA was precipitated (after PCR amplification, restriction digest, etc.) by addition of 0.5 

volumes of 7.5 M ammonium acetate (pH 7.8) and 2.5 volumes of 100% icecold Ethanol 

(EtOH). Glycogen (0.5 µg/µl) was added to improve DNA precipitation. Samples were 

incubated on ice for 10 min, pelleted (4 °C, 13000 g, 15–30 min), washed with 70% EtOH 

and dissolved in either MilliQ-water or TE-buffer. 
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5.2.1.7 Colony PCR 

Colony PCR was employed as a fast and quick method to screen for clones that contain the 

appropriate insert in correct orientation, before starting to grow colonies for plasmid isolation. 

Therefore, a pipette tip was dipped into a bacterial colony on an agar plate. One part of 

adhering cells was gridded on fresh LB plates containing the appropriate antibiotics, the rest 

was subsequently mixed with 20 µl water in a 0.2 ml PCR tube. Cells were opend for 10 min 

at 100 °C. Afterwards, 30 µl of colony PCR master mix were added to each PCR tube, and 

the reactions were subjected to the colony PCR programm. For colony PCR, a lab made Taq 

polymerase was used. The general outline and a typical reaction mix are depicted in the 

tables below. 

 
Cycle step Temperature (°C) Time Number of cycles 

Initial denaturation 95 °C 5 min 1 

denaturation 95 °C 30 sec 

35 annealing 
50-60 °C 

(depends on primers) 
30 sec 

extension 72 °C 60 sec/kb 

Final extension 72 °C 5 min 1 

 

Reagents Volumes 

Primer for 10µM 2.5 µl 

Primer rev 10µM 2.5 µl 

dNTPs 10 mM 1 µl 

Taq-buffer 10x 5 µl 

Taq-pol. 1 µl 

(H2O + colony) (20 µl) 

H2O 18 µl 

Total volume 50 µl 

5.2.1.8 Annealing of oligonucleotides 

Equimolar amounts of sense and complementary antisense oligonucleotides were diluted to 

the desired concentration in 1x annealing buffer. The samples were incubated at 95 °C for 10 

min in a thermoblock. Afterwards, the thermoblock was switched off to slowly cool down 

reactions to room temperature for approximately 1–2 h. For annealings with fluorescently 

labeled oligonucleotides, the unlabeled strand was used in approximately 5% excess to 

guaranty complete annealing of all labeled oligonucleotides. This was done to avoid 

background signals from single-stranded (ss) fluorescently labeled oligonucleotides in the 

MST assays. Annealing reactions were analyzed by native PAGE. 
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5.2.1.9 Preparation of methylated, hydroxymethylated and unmodified BN601 DNA 

 fragments 

Methylated, hydroxymethylated and unmodified BN601 DNA fragments were generated by 

PCR, introducing methylated and hydroxymethylated cytosines by replacing dCTP in the 

dNTP mix either with methyl-dCTP (TriLink) or hydroxymethyl-dCTP (gift from Attila Nemeth). 

As template the plasmid pGA4 BN601-m1 (Mr. Gene) was used, which harbours an altered 

601 nucleosome positioning sequence (BN601) such that the produced DNA fragments, 

each with a size of 310 bp, contained 25 evenly distributed CpG sites (Fig 5.2 A). To amplify 

methylated DNA fragments, the temperature in the denaturing steps was raised to 100 °C in 

order to destabilize the m5dC:dG base pairs and thus allow efficient amplification of the 

template (Wong and McClelland, 1991). For fluorescent labeling of the DNA fragments, one 

primer was attached either with Cy5 or Cy3 as cyanine fluorescent dye at its 5’-end. In the 

following, the PCR temperature settings and pipetting schemes to set up a 50 µl reaction are 

described. 

 
Cycle step Temperature (°C) Time Number of cycles 

Initial denaturation 
5-hmC: 95 °C 

5-mC: 100 °C 
2 min 1 

denaturation 
5-hmC: 95 °C 

5-mC: 100 °C 
15 sec 

20 
annealing 55 °C 20 sec 

extension 72 °C 25 sec 

Final extension 72 °C 5 min 1 

 

Reagents Volumes 

Unlabeled primer 10 µM 2.5 µl 

Labeled primer 10µM 0.5 µl 

dNTPs 10 mM 1 µl 

Phusion GC buffer 5x 10 µl 

Phusion-pol. 0.5 µl 

Template 10 ng 

H2O 35.5 µl - template 

Total volume 50 µl 

 

After PCR, the product was purified using the Qiaquick PCR Purification kit (Qiagen), and the 

concentration was determined on the Nanodrop photometer (PeqLab). 

The DNA fragments contain two HpaII restriction sites, enabling analysis of incorporation of 

methyl- and hydroxymethyl-modifications by restriction endonuclease digestion with HpaII 

and its isoschizomer MspI (Fig 5.2). MspI and HpaII recognize the same sequence (CCGG) 

but are sensitive to different methylation status. HpaII cleaves only a completely unmodified 
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site, and any modification at either cytosine blocks cleavage. MspI cleaves unmodified 

CCGG sites and will recognize and cleave at 5-mC and 5-hmC but only if the internal C in 

the CCGG sequence is methylated or hydroxymethylated. If the external C is modifed, MspI 

cannot cleave. As we used dNTP mixes including methyl-dCTP or hydroxymethyl-dCTP, all 

cytosine residues are modified. Probably, MspI would recognize the internal modified C in 

CCGG but steric hindrances by the modified external C may expel recognition. This means 

that both HpaII and MspI are not able to cleave when all cytosine residues are modified. 

Subsequent to restriction endonuclease digestion, reactions were analyzed on a 15% native 

PAA gel. 5-hmC and 5-mC modified DNA fragments were not cleaved (Fig 5.2 B, lanes 6–7, 

and lanes 9–10). Cleavage of the unmodified DNA releases fragments with 8 bp (not seen on 

the gel), 75 bp and about 230 bp in size (Fig 5.2 B, lanes 3–4). There was a remaining part 

of unmodified DNA molecules that was not cleaved by MspI and HpaII due to incomplete 

digestion. Nevertheless, the restriction enzyme analyses enable the discrimination of 

modified and unmodified DNA fragments. 

 
Fig 5.2: Analysis of incorporation of 5-hmC and 5-mC into the BN601 DNA fragment. 
5-hmC and 5-mC modified and unmodified BN601 DNA fragments were generated by PCR and subsequently 
analyzed by restriction enzyme digestion. (A) Schematic illustration of the BN601 DNA fragment generated by 
PCR. The DNA fragment has a size of 310 bp and contains 25 CpG sites. HpaII restriction sites enable the 
discrimination between modified and unmodified DNA fragments. The relative positions of the HpaII restriction 
sites on the BN601 DNA fragment are indicated. (B) After PCR, incorporation of 5-hmC and 5-mC was analyzed 
by digestion of the DNA fragments with MspI and HpaII. Following restriction enzyme digestion, reactions were 
loaded on a 15% native PAA gel. For visualization, the gel was stained with ethidium bromide and destained with 
water. As controls (lanes 2, 5 and 8), DNA was incubated with buffer lacking the respective restriction 
endonuclease (indicated by /). 

5.2.1.10 Site-directed mutagenesis 

Site-directed mutagenesis was applied in order to create an ATPase inactive version of Lsh. 

Therefore, the lysine residue at position 254 was replaced by an arginine residue. This point 

mutation in the ATP-binding pocket of the protein abolishes ATP binding and hydrolysis. For 

this purpose, the plasmid containing the protein coding sequence of 6x His-tagged Lsh 
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(pDFB7-fl-LshWT-6xC-His) was purified from a dam+ E. coli strain (here DH5α) to ensure 

that all GATC sites are methylated for later digestion with DpnI. To introduce the point 

mutation, forward and reverse primers containing the appropriately changed nucleobases 

were designed with the PrimerX software tool (bioinformatics.org/primerx). Steps in primer 

design were performed according to the program’s instructions and recommendations listed 

in the authors’ program documentation and following recommendations listed in IDT’s 

Mutagenesis Application Guide (IDT). The chosen primer pair was checked for predicted 

dimerization, hairpin formation and melting temperatures. Both primers contain 5’ 

phosphorylated ends to allow the two ends to be ligated together following amplification. A 

standard PCR program was run with reduced cycle number using the proof-reading Phusion 

High-Fidelity DNA Polymerase (Finnzyme). Since the primers are positioned ‘back to back’, 

the entire template containing plasmid is copied. A high-fidelity polymerase does not displace 

the newly synthesized strands and stops after copying the plasmid when it returns to the 5’ 

end of the primer resulting in nicked circular strands. After PCR, the DNA was precipitated, 

loaded on a 1.3% agarose gel, appropriate DNA bands were gel-eluted. Subsequently the 

DNA was subjected to DpnI digestion in order to remove the original plasmid. 600 ng of DNA 

were digested with 10 units DpnI in a total volume of 50 µl at 37 °C for 3 h. The reaction was 

cleaned-up using the Qiaquick PCR Purification kit. The final product was transformed into 

chemically competent bacteria to repair the nicks. Transformation and subsequent plasmid 

isolation were done according to standard protocols. Integrity of clones was checked by 

analytical restriction enzyme digestion followed by agarose gel electrophoresis. Presence of 

the point mutation and nucleobase sequence integrity of the plasmid were checked by 

sequencing the entire plasmid. Since the original plasmid vector is the pDFB7 vector, which 

is a pFastBac vector suited for protein expression in Sf21 insect cells, the generated plasmid 

containing the point mutation was ready to use for recombination into baculovirus bacmid 

DNA (see 5.2.5.5). 

5.2.2 Working with RNA 

In general, working with RNA needs to be performed under RNase-free conditions. 

RNAseZap was used to decontaminate surfaces, and RNA containing reactions were 

supplied with RNasin (Promega). For pipetting, filtertips were used and buffers were set up 

with sterilized MilliQ water. 

5.2.2.1 Growing mammalian cells for isolation of total RNA 

Work with mammalian cell lines was carried out according to standard protocols. All work 

was done under a sterile hood in laminar flow and all solutions and consumables were 

purchased sterile. The working space, gloves and devices were thoroughly wiped with 70% 
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ethanol before use. All cell lines used were cultivated in DMEM supplemented with 10% FCS 

and 1% penicillin/streptomycine. Cells were incubated at 37°C in a humified incubator with 

5% CO2. The medium was stored at 4 °C and pre‐warmed to 37 °C in a water bath before 

usage. The medium of the cultures was changed every 2–3 days depending on the doubling 

time of the cells. At an estimated confluency of 80%, the cells were split. For this purpose, 

the medium was removed and a trypsin/EDTA solution was added to the cells. The cells 

were incubated at 37 °C for 5 min and the cells still not detached were removed from the 

surface by slightly tapping the culture dish. The trypsin reaction was stopped by adding 

culture medium three times the volume of trypsin/EDTA. The appropriate volume of cells was 

then transferred to a new flask or culture disk with fresh growth medium and again incubated 

at 37 °C, 5% CO2.  

5.2.2.2 Isolation of total RNA 

Total RNA was isolated with the NucleoSpin RNA kit (Macherey-Nagel) or with TRIzol 

reagent (Ambion) according to the manufacturer’s instructions. The resulting total RNA was 

stored at -80 °C. 

5.2.2.3 Determination of RNA quality and quantity 

The NanoDrop ND1000 spectrophotometer (Peqlab) was used to determine RNA 

concentration by absorption measurements at 260 nm as described previously. RNA quality 

was analyzed by agarose gel electrophoresis. The integrity of total RNA was analyzed by 

visual assessment of the 28S:18S rRNA ratio on formaldehyde agarose gels. A 1.3% 

agarose gel was prepared by dissolving 1.3 g agarose in 85 ml sterile DEPC treated water. 

The solution was cooled down to about 65 °C. Then, 10 ml pre-warmed 10x MOPS buffer 

and 5 ml of 37% formaldehyde were added, and the gel was poured into an electrophoresis 

tank. For sample preparation 1–3 µg of total RNA were mixed with 2 µl of 10x MOPS, 2 µl 

37% formaldehyde and 9 µl formamide in a total volume of 20 µl. Samples were incubated at 

65 °C for 10 min and cooled on ice. 2 µl of RNA loading buffer was added to each sample 

and samples were loaded. Gels were run in running buffer (1x MOPS, 12.3 M formaldehyde) 

and stained with ethidium bromide for visualization. 

  



Materials and Methods 

 

– 128 – 

5.2.3 Protein biochemical methods 

Proteins were purified and analyzed according to standard protocols (Sambrook and Russell, 

2001). Generally, proteins were stored at -80 °C and kept on ice before starting an experiment. 

5.2.3.1 Determination of protein concentrations   

Protein concentrations were determined using the colorimetric assay described by Bradford 

(Bradford, 1976). In brief, a serial dilution of the protein of unknown concentration and one of 

BSA of known concentration were prepared in water. For measurements, constant amounts 

of protein assay dye (Bio-Rad) were added, and absorbance of samples and BSA was 

measured at 595 nm. Using absorbance and the known concentrations of BSA, a standard 

curve was set in order to determine the concentration of the diluted samples according to the 

calculated linear regression line and equation. Values were normalized to the diluted 

volumes of protein samples, and the mean of normalized values was calculated. Finally, 

molarities were calculated using the molecular weight of the protein. 

5.2.3.2 Denaturating 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 30%, 

49:1). For electrophoresis, protein samples were mixed with Laemmli SDS-PAGE sample 

buffer, heat-denatured for 5 min at 95 °C and directly loaded onto the gel. Proteins were 

separated at 35 mA (4 mA/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 

Coomassie Brilliant Blue (0.1% Coomassie Blue in 10% acetic acid and 45% methanol) for 

15 min on a slowly rocking platform and destained in water by repeated heating in a 

microwave. 

5.2.3.3 Semi-dry western blot and immunodetection 

Following separation by SDS-PAGE, proteins were transferred to PVDF membranes using 

the Bio-Rad ‘Trans-Blot SD Apparatus’ for 1 h and 20 min at 24 V and 2 mA/cm2. For protein 

transfer, the PVDF membrane was soaked in 100% methanol and then incubated together 

with the gel in Towbin transfer buffer for 20 min. The PVDF membrane was placed between 

three gel-sized Whatman papers soaked in transfer buffer at the bottom and the gel plus two 

gel-sized Whatman papers soaked in transfer buffer on top. After transfer, the PVDF 

membrane was washed three times in TBST for 10–15 min each. Depending on the primary 

antibody, the membrane was incubated either in TBST containing 5% milk or TBST 
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containing 2.5% BSA for 1–2 h or O/N in order to reduce non-specific background. For 

immunodetection, the membrane was incubated with the appropriate antibody in TBST 

containing 5% milk or TBST containing 2.5% BSA at 4 °C O/N, slowly shaking. Afterwards, 

the membrane was washed three times in TBST for 10–15 min each and incubated for 1 h 

with a horseradish peroxidase-coupled (HRP) secondary antibody in TBST containing 5% 

milk. If HisProbe-HRP (ThermoFisher) was used, the membrane was only incubated with the 

His-probe in TBST containing 2.5% BSA at 4 °C for 2 h, since a second antibody is not 

needed. After three additional washes in TBST, antigen-antibody complexes were detected 

using the SuperSignal West Dura WB kit (ThermoFisher) and imaged with the image reader 

LAS-3000 (Fujifilm). 

5.2.4 E. coli culture and methods 

5.2.4.1 Liquid culture 

For plasmid preparations a single colony was picked from an agar plate with a sterile tip, 

inoculated into LB or SOB medium supplemented with the respective antiobiotics and shaken 

O/N at 37 °C at 180 rpm. For standard preparations with the Qiaprep Spin Miniprep Kit 

(Qiagen), 5 ml cultures were used. For expression cultures, a small pre-culture was 

inoculated O/N at 30 °C to an OD600 of 3–5. This culture was then used to inoculate the 

expression culture to an OD600 of 0.1. 

5.2.4.2 Glycerol stock 

For long-term storage of bacterial cultures and convenient handling of frequently used 

bacterial strains, 850 µl of a liquid culture are mixed with 400 µl of 50% sterile glycerol and 

frozen at -80 °C. 

5.2.4.2 Transformation of chemically competent bacteria 

For transformation, 50 µl of chemically competent bacteria were thawed on ice and either 10 

ng of purified plasmid DNA or 5 µl of ligation reaction were added. The suspension was 

mixed by gently tapping the tube and incubated on ice for 15–30 min. Cells were transformed 

by heat-shock for 45 seconds, then cooled down on ice for 5–10 min. 450 µl of LB or SOB 

medium without antibiotics were added, and the bacteria were incubated at 37 °C shaking at 

600 rpm for 30 min in case of ampicillin resistance, or 1 h in case of kanamycin or 

chloramphenicol resistance. 50 µl and 200 µl of the mixture were plated on agar plates 

containing the appropriate antibiotics. Plates were incubated at 37 °C O/N. 
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5.2.5 GATEWAY cloning system 

5.2.5.1 Introduction to the GATEWAY technology 

To express human Lsh protein, a 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. The use of 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. The GATEWAY technology is a universal cloning 

method based on the site-specific recombination system of bacteriophage lambda, which 

facilitates the integration of lambda into the E. coli chromosome and allows the switch 

between the lytic and lysogenic pathway. The in vitro recombination reaction is mediated by 

a mixture of lambda and E. coli encoded recombination proteins (Clonase-enzyme mix). 

Lambda recombination occurs between site-specific attachment (att) sites: attB on the E. coli 

chromosome and attP on the lambda chromosome. The att sites serve as the binding site for 

recombination proteins. Upon lambda integration, recombination occurs between attB and 

attP sites to give rise to attL and attR sites. The actual crossover occurs between 

homologous 15 bp core regions on the two sites, but surrounding sequences are required as 

they contain the binding sites for the recombination The recombination proteins involved in 

the reaction differ depending upon whether lambda utilizes the lytic or lysogenic pathway. 

The lysogenic pathway is catalyzed by the bacteriophage λ Integrase (Int) and E. coli 

Integration Host Factor (IHF) proteins (BP Clonase™ enzyme mix) while the lytic pathway is 

catalyzed by the bacteriophage λ Int and Excisionase (Xis) proteins, and the E. coli 

Integration Host Factor (IHF) protein (LR Clonase™ enzyme mix). 

 

Pathway Reaction Catalyzed by 

Lysogenic attB x attP → attL x attR BP Clonase 

Lytic attL x attR → attB x attP LR Clonase 

 

BP Reaction: Facilitates recombination of an attB substrate (attB-PCR product or a 

linearized attB expression clone) with an attP substrate (donor vector) to create an attL 

containing entry clone (see diagram below). This reaction is catalyzed by the BP Clonase™ 

enzyme mix. 

 
Fig 5.3: BP reaction–GATEWAY technology (adapted from the GATEWAY manual (Invitrogen) 



Materials and Methods 

 

– 131 – 

LR Reaction: Facilitates recombination of an attL substrate (entry clone) with an attR 

substrate (destination vector) to create an attB-containing expression clone (see diagram 

below). This reaction is catalyzed by the LR Clonase™ enzyme mix. 
 

 
Fig 5.4: LR reaction–GATEWAY technology (adapted from the GATEWAY manual (Invitrogen) 
 

5.2.5.2 GATEWAY-vectors–overview  

With this system, a GOI is first cloned into an entry vector. From this vector, the GOI can be 

transferred into destination vectors. Diverse protein-tags can be fused to the protein of 

interest by taking advantage of the availability of numerous destination vectors. Also for other 

expression systems like E. 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. To enable recombinational cloning and 

efficient selection of entry or expression clones, most GATEWAY vectors contain two att 

sites flanking a cassette containing the following features: The ccdB gene for negative 

selection as well as the chloramphenicol resistance gene (CmR) for counterselection; both 

are present in all GATEWAY vectors. After a BP or LR recombination reaction, the cassette 

including the ccdB and CmR genes 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. DH5α, 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 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. 

5.2.5.3 Creation of an entry clone 

The protein coding sequence of human Lsh was PCR amplified using the proof-reading Phusion 

High Fidelity DNA polymerase (Finnzyme) and the plasmid pTriEx-h-Lsh-10xC-His. This 

plasmid was already available in the laboratory and had been used to try expression of 10x 

His-tagged human Lsh in bacteria. In addition to protein sequence specific nucleobases, 

primers contained corresponding sequences for attB sites for recombination, and AvrII restriction 
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enzyme recognition sites at the 5’-end of the primers to remove primer residues and primer 

dimers. Subsequent to PCR, the product was precipitated, digested with AvrII and gel-purified. 

Performing the BP reaction according to the manufacturer’s instructions (BP Clonase II mix; 

Invitrogen) the purified attB-flanked PCR product was recombined with the GATEWAY donor 

vector pDONR221 to create entry clones. 

5.2.5.4 Creation of a destination clone 

In order to create an expression clone, an LR reaction was performed with the LR Clonase II 

mix (Invitrogen) as recommended by the manufacturer. In brief, a recombination between the 

Lsh gene containing entry vector with attL sites and kanamycine resistance gene and a 

destination vector suited for protein expression in Sf21 insect cells was performed. The 

pFastBac based destination vector, namely pDFB7, contains attR sites, ampicillin resitance 

gene, ccdB gene and chloramphenicol marker. An AcMNPV polyhedrin promoter allows high 

expression levels of the GOI in insect cells. Additionally, the vector encodes a C-terminal 6x 

His-tag and a SV40 late polyadenylation signal flanked by transposition elements (Tn7). The 

reaction mixture was then transformed into DH5α competent cells and plated onto LBAmp 

plates. Only the bacteria containing a pDFB7-GOI plasmid were able to grow, since the ccdB 

gene was replaced with the GOI, and remaining entry vectors do not confer ampicillin 

resistance.  

5.2.5.5 Recombination into baculovirus bacmid DNA 

The Bac-to-Bac system based on improvements made by Imre Berger was applied to obtain 

recombinant baculoviruses. For this purpose, we used the E.coli strain DH10EMBacYFP 

(Berger et al., 2004) in which the bacmid DNA was modified in a way that the v-cath and chiA 

genes had been replaced by an ampicillin marker and LoxP sites. The v-cath gene encodes 

for a cathepsin L-like proteinase and the chiA gene for a chitinase that acts as a chaperone 

for proVCATH. The infected cells are thus less prone to cell lysis during infection and to 

proteolytic degradation, which results in a higher yield of full-length recombinant protein. The 

EYFP gene under the control of the polyhedrin promotor is inserted via Cre/Lox 

recombination and allows the monitoring of protein expression via fluorescence microscopy 

during the course of infection. 

The pDFB7 vector including the GOI that is flanked by transposition elements (Tn7) was 

transformed into E. coli DH10EMBacYFP chemically competent cells that contain the bacmid 

DNA (tetracycline resistance marker) with the YFP marker and a helper-plasmid (encoding a 

kanamycin resistance marker and a transposase). The included transposase catalyzed the 

recombination of the Tn7 flanked region of the pDFB7 vector into the bacmid DNA, which also 

contains Tn7 transposition elements. Together with the GOI a gentamycin resistance marker 
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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 destroys the lacZ gene). 

5.2.5.6 Transformation of DH10EMBacYFP cells 

Chemically competent DH10EMBacYFP E. coli cells  were transformed with pDEST-GOI 

plasmid (5 min incubation on ice, 45 sec at 42 °C, 5 min on ice). 250 µl of SOB medium were 

added to the cells and incubated additional 5-12 hours at 37 °C. All cells were plated on LB 

plates (50µg/ml kanamycine, 10µg/ml tetracycline, 7µg/ml gentamycine, 100µg/ml X-Gal, 

40µg/ml IPTG) and incubated at 37°C for 24–36 hours. Ten out of approximately 50–60 

colonies were white. Five colonies were picked and plated on fresh LB selective plates to 

verify the positive Tn7 transposition reaction. 

5.2.5.7 Isolation of recombinant bacmid DNA and transformation in Sf21 insect cells 

After transformation of the pFastBac construct into DH10EMBacYFP E. coli cells and 

successful transposition, recombinant bacmid DNA was purified from positive white 

transformants. To do so, a bacterial colony was picked in order to inoculate 2 ml LB medium 

supplied with 50µg/ml kanamycine, 7µg/ml gentamycine, and 10µg/ml tetracycline. Cells 

were grown O/N at 37 °C and 180 rpm. The liquid culture was then pelleted, and the 

supernatant was discarded. For alkaline cell lysis the pellet was resuspended in 300 µl buffer 

P1, followed by addition of 300 µl buffer P2 and 300 µl buffer N3 (see Qiagen’s Miniprep kit 

for buffer composition). The sample was centrifuged for 10 min at 13.000 rpm, the pellet was 

discarded, and the supernatant was centrifuged for 3 min at 13.000 rpm. Having discarded 

the pellet again, the bacmid DNA in the supernatant was precipitated with isopropanol and 

washed twice with 70% EtOH. The pellet was air-dried and dissolved in 30 µl filter-sterilized 

water. 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 a GOI and a bacmid specifc primer).  

5.2.5.8 Transfection of Sf21 insect cells 

The positive tested recombinant bacmid DNA was transfected into Sf21 cells (1x 106 cells in 

a well of a 6-well plate in 3 ml Sf-900 II medium (Invitrogen)) with X-tremeGENE (Roche) to 

produce a first viral stock. For every protein of interest, two bacmid clones were tested in 

duplicates, and controls (cells only and medium only) were included to determine the source 

of possible contaminations. 20 µl of bacmid DNA were mixed with 200 µl Sf-900 II medium. 

Per bacmid clone, 10 µl of X-tremeGENE (Roche) were first mixed with 90 µl Sf-900 II 

medium and then added to the bacmid DNA. The mixture was evenly distributed dropwise to 

the indicated wells. After 48–60 hours successful transfection could be monitored via 
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fluorescence microscopy as the bacmid contains the YFP marker. The supernatant, which is 

the initial virus, was taken and stored at 4 °C, leaving the cells on the 6-well plates This virus 

stock was amplified and used for protein expression (see 5.2.6.2 and following). 3 ml 

medium were added to the cells and incubated for about 48 hours. Afterwards, cells were 

harvested by first removing the medium and then collecting the cells in 500 µl PBS by 

scraping and transferring the cells to a 1.5 ml Eppendorf tube. Protease inhibitors were 

added, and the cells were sonified with a Branson Sonifier 250D (small tip, 30 seconds at 

20% output control, constant). Generated cell extracts were supplemented with 6x protein 

loading dye, and recombinant protein expression was analyzed by SDS-PAGE and western 

blotting. 

5.2.6 Sf21 insect cell culture and baculovirus protein expression 

Baculoviruses are a group of large double-stranded (ds) 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 californica Nuclear 

Polyhedrosis Virus (AcNPV) is well-studied and together with Spodoptera frugiperda ovary cell 

culture (Sf21) a useful tool for recombinant protein expression. During 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. The occluded virus consists of many nucleocapsids enveloped by 

a matrix mainly formed by 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 endocytosis. 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, and therefore large coding 

sequences can be introduced (Berger et al., 2004) (Fitzgerald et al., 2006). In contrast to 

bacterial expression systems, baculovirus expression systems allow expression of large proteins 

providing also signal peptide cleavage, intron splicing, nuclear transport, phosphorylation, 

glycosylation and acetylation. 
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5.2.6.1 Culturing of Sf21 insect cells 

Sf21 insect cells were cultivated in Sf-900 II medium (Invitrogen). Cells were grown as 

suspension cultures in Erlenmeyer flasks at approximately 100 rpm at 27 °C. For continuous 

and stable growth behavior, Sf21 cells were kept in logarithmic growth, i. e. at cell densities 

between 5x 105 and 2x 106 cells/ml. Since cells tend to adhere to the surface of the flasks, it 

is advisable to change the culture flask every 10 days. After use, culture vessels were 

washed with 10% acetic acid. Vessels were then sterilized twice by autoclaving and re-used. 

5.2.6.2 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 the accumulation of defective virus 

particles that reduces heterologous protein expression, baculovirus amplification with a MOI 

of 0.1 is optimal. Low MOI infection was performed in Erlenmeyer flasks with 25 ml culture 

volume and at a constant cell density of 106 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.  

5.2.6.3 Test-expression of recombinant proteins in Sf21 insect cells 

Once the baculovirus was amplified, the viral titer for large-scale protein expression had to 

be determined. In Erlenmeyer flasks, 50 ml medium with 0.5x106 cells/ml were infected with 

varying amounts of virus (e.g. mock infection, 25, 50, 100, 150, 200 and 300 µl of 

baculovirus) and evenly distributed by shaking on a horizontal platform for about 48–96 

hours hours at 27 °C. Daily growth behavior and infection process were documented, 

allowing a rough titer determination. Additionally, from each Erlenmeyer flask samples of 

1x106 cells were harvested every 24 hours after infection, peletted and stored at -20°C. 

Having collected all samples during the course of the test-expression, each cell pellet was 

resuspended in 500 µl PBS, supplemented with protease inhibitors and sonicated using the 

Branson Sonifier 250D (small tip, 30 seconds at 20% output control, constant). 

Generated cell extracts were supplemented with 6x protein loading dye, and recombinant 

protein expression was analyzed by SDS-PAGE and western blotting. 
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5.2.6.4 Protein expression in Sf21 insect cells 

After determination of the optimal amount of baculovirus needed for sufficient protein 

expression a large scale expression was performed. Cells were grown in suspension in 

Erlenmeyer flasks (200 ml culture in 1l flasks) and infected at a cell density of 0.5x106 

cells/ml with the respective amount of baculovirus (as determined before with test infections). 

After 96 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. During the course of the protein expression, 

samples of 1x106 cells were taken in order to monitor expression by SDS-PAGE and western 

blotting. Harvesting and sample preparation was performed as described (see 5.2.6.3). 

5.2.7 Purification of recombinant proteins form Sf21 insect cells 

5.2.7.1 Preparation of cell lysates 

After optimizing protein expression, a typical large-scale purification was done with 1–3x 108 

insect cells. Cell pellets containing recombinant His-tagged DNA methyltransferases 

expressed in Sf21 insect cells were already available in the laboratory and had not been 

produced during this work. Purification was performed in the cold room and samples were 

always kept on ice. Cell pellets were resuspended in 35 ml lysis buffer I (50 mM Tris pH 7.6, 

100 mM KCl and 0.1% NP40). Protease inhibitors were added to buffers prior to use (one 

tablet complete EDTA-free protease inhibitor cocktail (Roche) per 50 ml buffer). The cell 

suspension was vortexed for 2 min and centrifuged for 10 min at 4500rpm. The pellet was 

resuspended in 10 ml lysis buffer II (EX500 with 10 mM imidazole, 0.1% NP40 and 0.01% ß-

mercaptoethanol (ß-ME)). Subsequently, the suspension was further lysed by sonication with 

a Branson Sonifier 250D (big tip; 8x for 15 seconds at 50% amplitude and 50% duty cycle 

with a cooling period of 15 seconds in between). After incubation of the lysate at 4 °C for 15 

min on an overhead wheel, the lysate was cleared by centrifugation for 40 min, 10.000 g and 

4 °C. The supernatant was transferred to a 15 ml reaction tube and stored on ice. 

5.2.7.2 Purification of His-tagged proteins 

For affinity purification of His-tagged human Lsh wild-type, Lsh KR mutant as well as DNA 

methyltransferases Dnmt1, Dnmt3a, and Dnmt3b2, 500 µl of Ni-NTA agarose-slurry (Qiagen) 

were equilibrated in batch with lysis buffer II (EX500 with 10 mM imidazole, 0.1% NP40 and 

0.01% ß-ME). Protease inhibitors were added to buffers prior to use (one tablet complete 

EDTA-free protease inhibitor cocktail (Roche) per 50 ml buffer). For equilibration, beads were 

washed four times in 2 ml of lysis buffer II and were spun down for 2 min at 100 g and 4 °C. 

Equilibrated beads were incubated with the supernatant from lysed cells for 90 min at 4 °C 

on an overhead shaker. Beads were spun down for 2 min at 100 g and 4 °C, and the flow-
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through was discarded. The resin was washed four times with each 5 ml wash buffer (EX500 

containing 20 mM imidazole, 0.1% NP40 and 0.01% ß-ME) and loaded onto a 1 ml mini-

column after the last washing step. Bound proteins were eluted from the Ni-NTA-agarose by 

addition of 250 µl elution buffer (EX300 containing 0.1% NP40, 250 mM imidazole and 

0.01% ß-ME) and incubation for 60 min at 4 °C on an overhead shaker. This elution step was 

repeated twice. Elution fractions were aliquoted, snap frozen in liquid nitrogen and stored at -

80 °C. After the last elution step, beads were resuspended in 100 µl EX0. Samples collected 

during preparation of cell lysates and during protein purification were loaded on a 7.5% SDS 

gel to analyze purification efficiency by SDS-PAGE. Protein concentration was determined 

via Bradford assay using a BSA standard curve. After purification of Dnmts, Dnmt activity 

was tested with the Dnmt Activity/Inhibition Assay Kit (Active Motif) according to the 

manufacturer’s instructions. 

5.2.8 In vitro reconstitution of chromatin 

5.2.8.1 Preparation of DNA fragments for nucleosome assembly by restriction 

digestion  

The plasmid pUC18-12x-601 contains 12 repeats of the 601 nucleosome positioning 

sequence (NPS), flanked by restriction recognition sites to allow fast and specific production 

of DNA fragments for mononucleosome assembly by restriction endonuclease digestion. 180 

µg of plasmid DNA (pUC18-12x-601) were digested with 300 units of restriction 

endonuclease (NotI and AvaI respectively) in a total volume of 150 µl supplemented with 0.1 

mg/ml BSA, at 37 °C for 16 hours. Complete digestion was checked using 1% agarose gels 

supplemented with SYBR Safe (Invitrogen). 

5.2.8.2 Preparation of DNA fragments for nucleosome assembly by PCR 

5.2.8.2.1 Preparation of the DNA fragments 0-NPS-0 and 77-NPS-77: 

To generate nucleosomal DNA fragments of specific sizes a PCR was performed. For 

production of the constructs ‘0-NPS-0’ and ‘77-NPS-77’ the pPCRScript_slo1-gla75 insert 

(referred to as Sloning DNA) was used, which consists of three repeats of the nucleosome 

positioning sequence 601 (Lowary and Widom, 1998) flanked by a partial rDNA promoter 

sequence (approximately 70bp) on the left and a partial HSP70 promoter sequence 

(approximately 70bp) on the right. Prior to use as a PCR template, the plasmid DNA was 

digested with BglII in preparative scale to hydrolyse the template down to monomers. To 

generate NPS constructs with flanking DNA of defined length, specific primer pairs were 

used. For the 601 sequence without linker DNA (referred to as 0-NPS-0) primer pairs AP7 

and AP8 were used. The reverse primer AP8 hybridizes 5 bp upstream of the 3'-border of the 
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WID sequence, hence amplifying a 142 bp DNA fragment instead of 147 bp. The 77-NPS-77 

construct with 77 bp DNA flanking the 601 sequence on both sides is 301 bp in size and was 

generated using primer pairs AP1 and AP15. Preparative PCR reaction was performed in 2 

ml scale with 2 µg template DNA. The reaction mix was split into 20x 100 µl in 0.2 ml PCR 

tubes and reaction was started in a PCR cycler (PeqLab) under the following conditions. 

 
Cycle step Temperature (°C) Time Number of cycles 

Initial denaturation 94 °C 2 min 1 

denaturation 94 °C 40 sec 

35 annealing 58 °C 40 sec 

extension 72 °C 40 sec 

Final extension 72 °C 10 min 1 

 

Reagents Volumes 

Primer for 10µM 100 µl 

Primer rev 10µM 100 µl 

dNTPs 10 mM 40 µl 

Taq buffer 10x 200 µl 

Taq pol. 40 µl 

Template ~2 µg (40 µl) 

H2O 1480 µl 

Total volume 2000 µl 

 

Reactions were cooled down to 4 °C, 10 ng/µl 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 concentration was determined using the Nanodrop photometer (PeqLab). 

5.2.8.2.2 Preparation of the DNA fragment -190/90: 

The murine rRNA gene promoter fragment with 280 bp in size (ranging from 190 bp 

downstream and 90 bp upstream to the TSS) was amplified by PCR from the plasmid 

pT7Blue-m-190+90. PCR conditions for fragment production are as follows. 

 
Cycle step Temperature (°C) Time Number of cycles 

Initial denaturation 95 °C 2 min 1 

denaturation 95 °C 15 sec 

20 annealing 60 °C 20 sec 

extension 72 °C 25 sec 

Final extension 72 °C 7 min 1 
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Reagents Volumes 

mDNA_-190 (for) 10µM 25 µl 

mDNA_+90 Cy5 (rev) 10µM 25 µl 

dNTPs 10 mM 10 µl 

Phusion-buffer 5x 100 µl 

Phusion-pol. 5 µl 

Template 15 µl (500–750 ng) 

H2O 320 µl 

Total volume 500 µl 

 

The reaction mix was split into 5x 100 µl in 0.2 ml PCR tubes and reaction was started in a PCR 

cycler (PeqLab) The product was purified with the Qiaquick PCR Purification kit (Qiagen), 

analyzed on 5% native PAA gels, and DNA concentration was determined with the Nanodrop 

photometer (PeqLab). 

5.2.8.2.3 Preparation of methylated, hydroxymethylated and unmodified 601-10N-601 DNA 

fragments: 

Methylated, hydroxymethylated and unmodified 601-10N-601 DNA fragments were used to 

generate differently DNA modified dinucleosomes, allowing greater possibilities in terms of 

recognition of the nucleosomal substrate in contrast to mononucleosomes, and furthermore 

the examination whether epigenetic DNA modifications are preferably recognized and 

interpreted by the protein of interest. The 601-10N-601 DNA fragments were produced by 

PCR using the plasmid pBS 601-10N-601 as template. Methylated and hydroxymethylated 

cytosines were introduced by replacing dCTP in the dNTP mix either with methyl-dCTP 

(TriLink) or hydroxymethyl-dCTP (gift from Attila Nemeth). The DNA fragments have a size of 

about 390 bp, contain about 30 CpG sites and harbour two strong nucleosome positioning 

sequences (referred to as 601; (Lowary and Widom, 1998)) (Fig 5.5 A). Large scale PCR 

conditions for fragment production are described in the following. 

 
Cycle step Temperature (°C) Time Number of cycles 

Initial denaturation 
5-hmC and unmod.: 95 °C 

5-mC: 100 °C 
5 min 1 

denaturation 
5-hmC and unmod.: 95 °C 

5-mC: 100 °C 
20 sec 

30 
annealing 59 °C 30 sec 

extension 72 °C 30 sec 

Final extension 72 °C 10 min 1 
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5-hmC and unmod 5-mC 

Reagents Volumes Reagents Volumes 

RM 08 (for) 100 µM 4.8 µl RM 08 (for) 100 µM 4.8 µl 

RM 09 (rev) 100 µM 4.8 µl RM 09 (rev) 100 µM 4.8 µl 

dNTPs 25 mM 12.8 µl dNTPs 25 mM 12.8 µl 

Taq buffer 10x 160 µl Herculase buffer 5x 320 µl 

Taq pol. 32 µl Herculase 32 µl 

Template 16 ng Template 16 ng 

H2O 1370 µl H2O 1225 µl 

Total volume 1600 µl Total volume 1600 µl 

 

PCR products were precipitated with 7.5 M ammonium as described (see 5.2.1.6), purity was 

checked on 1.3% agarose gels, and concentration was determined using the Nanodrop 

photometer (PeqLab). Incorporation of methyl- and hydroxymethyl-modifications was 

analyzed by restriction endonuclease digestion with HpaII and its isoschizomer MspI. The 

amplified 601-10N-601 sequence contains four HpaII recognition sites, releasing fragments 

of 160 bp, 30 bp and 20 bp if cut (Fig 5.5 A). Subsequent to restriction endonuclease 

digestion, reactions were analyzed on a 3% agarose gel. As expected (see 5.2.1.9), 

cleavage of the unmodified DNA revealed DNA fragments with the size of 160 bp, 30 bp and 

20 bp (Fig 5.5 B, lanes 3–4), whereas 5-hmC and 5-mC modified DNA fragments were not 

cleaved by MspI and HpaII (Fig 5.5 B, lanes 6–7, and lanes 9–10). 

 

 
Fig 5.5: Analysis of incorporation of 5-hmC and 5-mC into the 601-10N-601 DNA fragment. 
5-hmC and 5-mC modified and unmodified 601-10N-601 DNA fragments were generated by PCR and 
subsequently analyzed by restriction enzyme digestion. (A) Schematic illustration of the 601-10N-601 DNA 
fragment generated by PCR. The DNA fragment has a size of about 390 bp and contains about 30 CpG sites. 
HpaII restriction sites enable the discrimination between modified and unmodified DNA fragments. The relative 
positions of the HpaII restriction sites on the DNA fragment are indicated. The 601 nucleosome positioning 
sequences are highlighted in green. (B) After PCR, incorporation of 5-hmC and 5-mC was analyzed by digestion 
of the DNA fragments with MspI and HpaII. Following restriction enzyme digestion, reactions were loaded on a 3 
% agarose gel. For visualization, the gel was stained with ethidium bromide and destained with water. As controls 
(lanes 2, 5 and 8), DNA was incubated with buffer lacking the respective restriction endonuclease (indicated by /). 
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5.2.8.3 Chromatin assembly by salt gradient dialysis 

Nucleosomes were assembled from DNA and histones by the salt gradient dialysis technique 

according to Rhodes and Laskey (Rhodes and Laskey, 1989). Assembly reactions were 

performed in the lid of siliconized 1.5 ml tubes (Eppendorf). Dialysis membranes with a 

MWCO of 6–8 kD (Spectrapor) were pre-incubated for 5 min in high salt buffer (10 mM 

Tris/HCl pH 7.6, 2 M NaCl, 1 mM EDTA, 0.05% NP40, 1 mM ß-ME). The membrane was 

placed over the O-ring of a 1.5 ml tube and was fixed with the lid containing a hole in the 

middle of the lid. Tubes were placed in a styrofoam floater and transferred to a 3 liter beaker 

filled with 300 ml high salt buffer, containing a magnetic stirrer. Air bubbles below each 

membrane were removed with a bent pasteur pipette. Beakers were protected from light, if 

the DNA in the assembly reaction was fluorescently labeled. Finally, the assembly reaction 

was pipetted onto the lid. 3 liter of low salt buffer (10 mM Tris/HCl pH 7.6, 50 mM NaCl, 1 

mM EDTA, 0.05% NP40, 1 mM ß-ME) were pumped into the beaker with a flow rate of about 

150 ml–300 ml per hour at room temperature. Hence, salt concentration decreased slowly 

from 2 M to 227 mM allowing a specific assembly of the histone octamers onto the given 

DNA fragment.  

When the optimal histone:DNA ratio had been determined, nucleosomes were assembled in 

large scale. In general, 25 µg of DNA were mixed with an optimal amount of histones in high 

salt buffer, supplemented with 200 ng/µl BSA, in a final volume of 250 µl. The assembly mix 

was split into 5x 50 µl before loading into the dialysis chambers. Quality of mononucleosomes 

and dinucleosomes was directly checked on 5% native PAA gels in 0.4x TBE run for 1 h at 

100 V. To control the assembly of poly-nucleosomes on plasmid DNA (pUC18 12x 601), a partial 

MNase digestion was done (see below). Nucleosomes were stored at 4°C, protected from light if 

the DNA was fluorescently labeled. 

 

 
Fig 5.6: Analysis of a typical in vitro chromatin assembly. 
Chromatin was reconstituted on 601-10N-601 DNA with chicken histones, resulting in the assembly of dinucleosomes. 
The ratio of histones to DNA was increased stepwise to determine the optimal histone:DNA ratio for large scale 
assembly. Assemblies were analyzed on 5% native PAA gels. The naked 601-10N-601 DA fragment serves as control. 
Sketches indicate mono- and dinucleosomes. 
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5.2.8.4 Chromatin analysis by micrococcal nuclease (MNase) digestion 

Micrococcal nuclease (MNase) cleaves DNA preferentially in the linker region between 

individual nucleosomes. Partial MNase digestion generates a so-called nucleosomal ladder, 

thereby allowing qualitative analysis of the obtained grade of chromatin. Typically, 2 µg of 

chromatin was partially digested with 0.625 units/µl of MNase for 30, 60 and 270 seconds in 

the presence of 3 mM CaCl2 and 200 ng/µl BSA at room temperature. The reaction was 

stopped by the addition of 0.2 volumes of stop solution (4% SDS, 100 mM EDTA), 

supplemented with proteinase K (10 µg / reaction) and glycogen (10 µg) and deproteinized 

for 1 hour at 45 °C. The DNA was purified by ethanol precipitation (0.5 vol 7.5 M NH4Ac and 

2.5 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 µl loading 

buffer and analyzed on 1.3% agarose gels. Gels were stained with ethidium bromide and 

destained in water. 

 

 
Fig 5.7: Partial MNase digestion of in vitro assembled circular chromatin. 
Circular chromatin was assembled on pUC18 12x601 plasmid DNA with chicken histones by salt gradient analysis. 2 
µg of chromatin were digested with MNase. Reaction was stopped after 30, 60 and 270 sec incubation time (lanes 2–
4). After digestion with proteinase K DNA was precipitated and analyzed on a 1.3% agarose gel stained with ethidium 
bromide. The nucleosomal ladder generated by the MNase digestion is shown, and mono- di- and trinucleosomes are 
indicated (1n–3n). 
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5.2.9 Functional assays 

5.2.9.1 DNA binding assay 

To analyze the binding characteristics of Lsh to small DNA fragments, binding assays using 

an ultra-low-range DNA marker (Thermo Scientific) were carried out. 

Increasing concentrations of Lsh (125 nM–1 µM) were titrated to the DNA (125 ng ultra low 

range DNA marker) in binding buffer (20mM Tris pH 7.6, 30mM KCl, 5mM EDTA, 1mM DTT, 

10% glycerol) in a final volume of 20 µl. The concentration of monovalent anions (Cl-) and 

cations (K+) was adjusted to 100 mM. Reactions were incubated for 30 min at 26°C, and 

DNA-protein complexes were separated from unbound DNA on 12% native PAA gels in 0.4x 

TBE. After a pre-run of the native PAA gels at 50 V for 45 min, samples were loaded on the 

gels, and gels were run for 90 min at 100 V. To follow migration, DNA loading dye was 

loaded as marker. The gels were stained with ethidium bromide, destained with water and 

analyzed on the gel documentation system (Bio-Rad). 

5.2.9.2 Electrophoretic mobility shift assay (EMSA) 

Interactions of Lsh with nucleosomes, DNA and RNA were analyzed by electrophoretic 

mobility shift assays (EMSA). The ability of proteins such as transcription factors or DNA 

binding proteins to bind to DNA, RNA or nucleosomes can be assessed according to the 

running behavior in a polyacrylamide gel system. If binding occurs, the mobility of the 

complex is impaired resulting in either a slower migration velocity (shift) or a complete loss of 

migration, i.e the complex cannot enter the gel and is retained in the pocket. 

5.2.9.2.1 Analysis of protein-nucleosome interactions by EMSA: 

Positioned mononucleosomes were used to study protein-nucleosome interactions. Typically, 

reactions were prepared in a 20 µl total volume in EX buffer containing 20 mM Tris/HCl pH 

7.6, 1.5 mM MgCl2, 0.5 mM EGTA, 10% glycerol, 1mM DTT and 200 ng/µl BSA. The 

concentration of monovalent anions (Cl-) and cations (K+/Na+) was adjusted to 100 mM. 125 

nM–1 µM of protein was titrated to constant amounts of unlabeled or fluorescently labeled 

nucleosomal DNA (usually 10–20 nM). Samples were incubated for 30 min at 30 °C. 

Afterwards, complexes were separated from free nucleosomal DNA by native PAGE. 

Reactions were loaded on pre-electrophorezed 5% native PAA gels in 0.4x TBE buffer and 

run for 60–75 min at 100V. Orange G DNA loading dye was used to monitor the running 

time. After separation, the nucleosomal DNA was visualized on a fluorescence image reader 

(FLA-5000; Fuji), or by staining with ethidium bromide and documentation with the gel 

documentation system (Bio-Rad). 

To test the influence of ATP on the binding characteristics of Lsh to mononucleosomes, 25 

nM of fluorescently labeled nucleosomes were incubated with increasing concentrations (35 
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nM–2.5 µM) of either Lsh wild-type or Lsh KR mutant. ATP concentrations were kept 

constant (1 mM). Apart from this, the analysis of the binding of Lsh to mononucleosomes 

was performed as described before. 

5.2.9.2.2 Analysis of protein-RNA interactions by EMSA: 

In general, analysis was done as described for protein-nucleosome interactions, but 

reactions were prepared in EX buffer containing 150 mM KCl, 20 mM Tris/HCl pH 7.6, 1.5 

mM MgCl2, 0.5 mM EGTA and 10% glycerol. 12.5 nM–1.6 µM Lsh were titrated to 25 nM 

FAM labeled single stranded RNA. Samples were incubated for 30 min at 30 °C. 

Afterwards, Lsh/RNA complexes were separated from free RNA by native PAGE. 

Reactions were loaded on pre-electrophorezed 5% native PAA gels in 0.4x TBE buffer and 

run for 20 min at 100V. Subsequently, RNA was visualized on a fluorescence image reader 

(FLA-5000; Fuji). 

To test the influence of ATP on the binding characteristics of Lsh to RNA, 25 nM of 

fluorescently labeled single-stranded RNA were incubated with increasing concentrations (75 

nM–2.5 µM) of either Lsh wild-type or Lsh KR mutant. ATP concentrations were kept 

constant (1 mM). Apart from this, the analysis of the binding of Lsh to RNA was performed as 

described before. 

5.2.9.3 Competitive EMSA 

In order to analyze the stability of complexes consisting of Lsh and either RNA, DNA or 

nucleosomes, competitive EMSAs were carried out. Complexes were formed by incubating 

1.6 µM of Lsh with 50 nM of fluorescently labeled RNA, DNA or mononucleosomes at 30°C 

for 5 min in EX buffer containing 300 mM KCl, 20 mM Tris/HCl pH 7.6, 1.5 mM MgCl2, 0.5 

mM EGTA and 10% glycerol. Subsequently, the complex was mixed with a dilution series of 

the competing substrate. The dilution series ranged from 6 nM–1.6 µM, and was prepared in 

EX buffer containing 20 mM Tris/HCl pH 7.6, 1.5 mM MgCl2, 0.5 mM EGTA and 10% glycerol 

in a total volume of 10 µl. 10 µl of complex were added to each 10 µl of dilution series. Thus, 

final concentrations of the competing substrate varied from 3 nM–800 nM, and final 

concentration of Lsh was 400 nM in a complex with 25 nM RNA, DNA or nucleosome in a 

final buffer composition of 150 mM KCl, 20 mM Tris/HCl pH 7.6, 1.5 mM MgCl2, 0.5 mM 

EGTA and 10% glycerol. The mixture was incubated for 15 min at 30 °C. Reactions were 

analyzed on 5% native PAA gels. Gels were pre-run for 30 min at 50 V, reactions were 

loaded, and gels were run for 20–45 min at 100 V. Documentation was done on a Typhoon 

FLA 9500 laser scanner (GE Healthcare). Since the competing binding partners were 

differently labeled, filters of the device were set to scan both fluorophores at the same time. 

For visual inspection, images of the individual fluorescent substrates were overlaid. 
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To test the influence of ATP on the stability of the Lsh/RNA complex at increasing 

concentrations of mononucleosomes, competitive EMSAs were performed in the presence of 

constant amounts of ATP (1mM). For complex formation, Lsh wild-type and Lsh KR mutant 

were incubated with fluorescently labeled single-stranded RNA as described before. 

Lsh/RNA complexes were mixed with increasing concentrations of fluorescently labeled 

mononucleosomes, varying from 12.5 nM to 800 nM final concentrations. Apart from this, 

experiments were performed as described before. 

5.2.9.4 Microscale thermophoresis (MST) 

5.2.9.4.1 The concept of microscale thermophoresis: 

The microscale thermophoresis (MST) technology enables the quantitative measurement of 

molecular interactions in solution. The theoretical background of the method and its usage 

for a wide array of different assays is published (Baaske et al., 2010) (Wienken et al., 2011). 

In general, the method is based on the thermophoretic movement of molecules along an 

induced temperature gradient. This movement is determined by parameters such as size, 

charge and hydration shell of a molecule. Since binding to another molecule is thought to 

influence all these parameters, the interaction leads to changes in thermophoretic behavior. 

Basically, these changes are recorded by the Monolith MST device (NanoTemper) in the 

form of thermophoresis profiles that can be used to generate binding curves and calculate Kd 

or EC50 values. 

The principal setup of an MST experiment is illustrated in Fig 5.8 A. A prerequisite for MST 

measurements on the used MST devices was the fluorescent labeling of one of the two 

binding partners for detection by the optics of the device. The molecule bearing the 

fluorescent label is usually kept at constant concentrations, and a serial dilution of the 

putative binding partner is titrated to the labeled molecules. Sample mixtures are then 

sucked into glass capillaries that are placed onto a tray, which is put into the MST device. 

The typical progress of an MST experiment is depicted in Fig 5.8 B. Turning on the laser, a 

temperature gradient is induced, and the molecules begin to move. The molecule movement 

is measured over a certain time frame. Afterwards, the laser is switched off, and back 

diffusion of the molecules starts. For analysis during this work, the most important part of the 

created curves are the thermophoresis signals, i. e. the time points representing the overall 

thermophoretic behavior of the whole complex formed by the two binding partners. These 

signals are determined by changes in size, charge and hydration shell. Fig 5.8 C shows 

differences in the thermophoretic curves that are induced by the binding events. One can 

clearly distinguish the thermophoretic curves of the different states of unbound, partially-

bound and fully-bound molecules in the reactions. These differences are translated into 

binding curves by plotting the normalized thermophoresis data against the concentrations of 
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the non-labeled binding partner. From these binding curves, Kd constants and EC50 values 

can be calculated by using the law of mass action or the Hill equation (Fig 5.8 D). 

 

 
Fig 5.8: The concept of microscale thermophoresis. 
(A) Setup of the Monolith MST device including a fluorescence detector, an IR-laser for temperature gradient 
induction and glas capillaries containing the reaction partners. (B) General outline of a thermophoresis 
experiment. Upon induction of the laser the molecules start to align themselves to the temperature gradient. 
These early time points describe the temperature jump behavior. At later time points, the molecules move along 
the temperature gradient according to their size, charge and hydration shell. This defines the thermophoresis 
data. Afterwards, a steady-state is reached, then the laser is switched off, and the molecules diffuse back. (C) 
Upon binding, the thermophoretic movement of the molecules changes, which can be seen in the curves, from 
unbound state (black) to partially-bound (red) and finally fully-bound state (blue). (D) Data from thermophoresis or 
temperature jump signals can be plotted against the concentrations of the unlabeled binding partner to generate 
binding curves, from which KD and EC50 values can be calculated. (Pictures are adapted from Jerabek-Willemsen 
et al., 2011, and Baaske et al., 2010). 
 

5.2.9.4.2 Analysis of protein-DNA and protein-RNA interactions with MST: 

Prior to setting up up reactions, aggregates were removed by centrifuging protein solutions 

and nucleic acid stock solutions for 5 min at 13.000 g at 4 °C. For the protein, a 2:1 dilution 

series was prepared in EX buffer with 200 mM KCl and no glycerol or NP40 (200 mM KCl, 20 

mM Tris/HCl pH 7.6, 1.5 mM MgCl2, 0.5 mM EGTA) in final volumes of 10 µl. The DNA or 
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RNA mastermix was prepared in EX buffer without KCl, glycerol and NP40 (20 mM Tris/HCl 

pH 7.6, 1.5 mM MgCl2, 0.5 mM EGTA). 10 µl of the mastermix were added to each protein 

dilution to get a final molar DNA or RNA concentration of 20–40 nM in a total volume of 20 µl. 

Reactions were mixed by pipetting and sucked into standard treated glass capillaries. 

Reactions were incubated in the MST device at 30 °C for 10–15 min before starting the 

measurements at 30 °C with an LED power of 50% and MST powers of 20%, 40% and 80% 

and a laser-on time of 40 sec. For data evaluation, the thermophoresis signals were 

normalized to fraction bound (X) by X = (Y(c)-Min)/(Max-Min). EC50 values were obtained 

according to the Hill equation corrected for the minimum (Min) and maximum (Max) values of 

the binding curve: Y(c) = Min+(Max-Min)/(1+(EC50/c)∧n) with ‘Y(c)’ being the thermophoresis 

signal, and ‘c’ the variable concentration of the respsective protein. Final data analysis of 

collected technical and biological replicates was done with SigmaPlot (Systat Software). 

5.2.9.4.3 Analysis of protein-nucleosome interactions with MST: 

In general, analysis was done as described for protein-DNA and protein-RNA interactions, 

but nucleosomes were not centrifuged, and samples were prepared in siliconized reaction 

tubes (Biozym) and supplemented with 200 ng/µl BSA. The 2:1 dilution series of the protein 

and the nucleosome mastermix were prepared in EX buffer with 100 mM KCl and no glycerol 

or NP40 (200 mM KCl, 20 mM Tris/HCl pH 7.6, 1.5 mM MgCl2, 0.5 mM EGTA). 10 µl of the 

nucleosome mastermix were added to each 10 µl of each protein dilution to get a final molar 

concentration of nucleosomes of 50 nM in a total volume of 20 µl. 

5.2.9.5 Nucleosome mobilization assay 

By using the nucleosome mobilization assay, one can visualize nucleosome movement 

catalyzed by ATP-dependent nucleosome remodeling factors on the single molecule level 

(Langst et al., 1999). The nucleosome sliding assay relies on the fact that the location of a 

histone octamer on a DNA fragment affects its electrophoretic mobility in native PAA gels. 

Centrally-positioned nucleosomes migrate slower than nucleosomes positioned at an end of 

a DNA fragment. All reactions were performed in siliconized tubes (Biozym). A typical 

reaction contained 30 nM (if the DNA was fluorescently labeled) or 100 nM nucleosomes (if 

the DNA was not labeled) with defined translational positions and 1 mM ATP in a total 

volume of 20 µl in EX buffer (20 mM Tris/HCl pH 7.6, 1.5 mM MgCl2, 0.5 mM EGTA and 10% 

glycerol) supplemented with 1 mM DTT and 200 ng/µl BSA. The concentration of monovalent 

anions (Cl-) and cations (K+/Na+) was adjusted to 90 mM. Nucleosomes were incubated with 

50 nM–800 nM of enzyme, as indicated in the respective figure legend (see 3.5), for 60 min 

at 30 °C. The reaction was stopped by the addition of 1.5 µg competitor DNA (plasmid DNA) 

and further incubated for 10 min. Nucleosome positions were analyzed on 5% native PAA 
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gels in 0.4 % TBE buffer. Gels were pre-run for 30 min and run for 60–90 min at 100 V. 

Optimal migration was controlled by using Orange G DNA loading dye as a marker. After 

separation the nucleosomal DNA was visualized on a fluorescence image reader (FLA-5000; 

Fuji), or by staining with ethidium bromide and documentation with the gel documentation 

system (Bio-Rad). 

5.2.9.6 ATPase assay 

ATPase assays were performed in the presence of [γ-32P]-ATP (0.2 µCi/µl) with various 

substrates to analyze specific substrate-dependent ATPase activity. Protein, non-radioactive 

ATP and putative ATPase stimulating substrates such as DNA, RNA and nucleosomes were 

mixed together with radioactive ATP in final 10 µl reaction volumes at concentrations as 

indicated in the respective figure legends. Usually, reactions contained 120 mM KCl, 20 mM 

Tris/HCl pH 7.6, 1.5 mM MgCl2, 0.5 mM EGTA, 10% glycerol and 1mM DTT. Reactions were 

kept on ice and incubated for 40–60 min at 30 °C. Afterwards, the samples were put back on 

ice. 1 µl aliquots of each sample were spotted onto a thin layer chromatography (TLC) plate 

(Merck). TLC plates were transferred to a chamber containing 1 M LiCl and 0.5 M formic acid 

to separate the hydrolyzed phosphate from unreacted ATP. Plates were dried, wrapped in 

Saran foil, and radioactive energy on the plates was exposed to a phosphor imaging screen 

for 11–12 hours. Screens were read using the FLA-3000 phosphor imaging system (Fuji). 

ATP and hydrolyzed phosphate spots were quantified using the multigauge software (Fuji). 

The percentage of hydrolyzed ATP was calculated according to the following equation:  

% (hydrolyzed ATP) = Pi*100/(Pi + ATPnon-hydr), where Pi was the signal intensity of hydrolyzed ATP 

and ATPnon-hydr the signal intensity of non-hydrolyzed ATP. The percentage of hydrolyzed ATP 

was corrected for background activity arising from non-radioactive ATP and substrates such as 

RNA, or preparations of purified DNA methyltransferases. Corrected values were then used to 

calculate the amount of hydrolyzed ATP in µM.
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6 Appendix 

Repetitions of ATPase assays using unmodified dinucleosomes 
A) 100 µM ATP; varying concentrations of Lsh WT and KR and varying concentrations of 

 nucleosomes 

 
B) 10 µM ATP; varying concentrations of Lsh WT and KR and varying  concentrations of 
 nucleosomes 

 
Analysis of the influence of unmodified dinucleosomes on the ATPase activity of Lsh. 
The effect of unmodified dinucleosomes on the ATPase activity of Lsh was studied at (A) 100 µM ATP and (B) 10 
µM ATP. Nucleosome concentrations varied from 50 to 150 nM, and concentrations of Lsh WT and KR varied 
from 100 nM to 1000 nM, as indicated. WT is illustrated in black and grey scale bars, KR in blue scale and white 
bars. Reactions were carried out in 10 µl volumes in the presence of the indicated amount of ATP (non-
radioactive) and minor amounts of radioactive ATP (0.2 µCi/µl). Reactions were incubated for 45 min at 30 °C, 
then pipetted onto a TLC plate to separate the hydrolyzed phosphate from unreacted ATP. The percentage of 
hydrolyzed ATP was calculated according to the equation: % (hydrolyzed ATP) = Pi*100/(Pi + ATPnon-hydr), and was 
corrected for background activity arising from non-radioactive ATP. Corrected values were then used to calculate the 
amount of hydrolyzed ATP in µM. Afterwards, values were normalized to Lsh only (WT and KR lacking 
nucleosomes). WT and corresponding KR were compared to each other, and calculated ratios are displayed, if 
values for WT are > 1 and exceed values for the corresponding KR. Values > 1 for WT were compared to Lsh 
only (corresponds to a value = 1, indicated by a black line), if values for the corresponding KR are < 1. Values < 1 
can be ignored as signal intensities are weaker than for Lsh only. 

0"

0.2"

0.4"

0.6"

0.8"

1"

1.2"

1.4"

1.6"

1.8"

2"

Lsh"only" 50" 100" 150"

AT
P"
hy
dr
ol
ys
is"
/"n

or
m
al
ize

d"
to
"Ls

h"
on

ly
"

concentra>on"dinucleosomes"

100µM"ATP;"unmodified"dinucleosomes"

WT"1000nM"

KR"1000nM"

WT"500nM"

KR"500nM"

WT"200nM"

KR"200nM"

WT"100nM"

KR"100nM"

1,2 1,5

1,6
1,4

1,6
1,7

1,4
1,5

1,5

1,5

1,2

0"

0.5"

1"

1.5"

2"

2.5"

3"

3.5"

Lsh"only" 50"nM"dinucs" 100"nM"dinucs" 150"nM"dinucs"

AT
P"
hy
dr
ol
ys
is
"/
"n
or
m
al
iz
ed

"to
"L
sh
"o
nl
y"

concentra>on"of"dinucleosomes"

10µM"ATP;"unmodified"dinucs"

WT"1000nM"

KR"1000nM"

WT"500nM"

KR"500nM"

WT"200nM"

KR"200nM"

WT"100nM"

KR"100nM"

1,6 1,8 1,4

2 1,6

1,4

1,6
1,5

1,5
1,7

1,3

2,1



Appendix 

 

– 151 – 

Repetitions of ATPase assays using hydroxy-methylated dinucleosomes 
A) 100 µM ATP; varying concentrations of Lsh WT and KR and varying concentrations of 

 nucleosomes 

 
B) 10 µM ATP; varying concentrations of Lsh WT and KR and varying  concentrations of 
 nucleosomes 

 
Analysis of the influence of hydroxy-methylated dinucleosomes on the ATPase activity of Lsh. 
The effect of hydroxy-methylated dinucleosomes on the ATPase activity of Lsh was studied at (A) 100 µM ATP 
and (B) 10 µM ATP. Nucleosome concentrations varied from 50 to 150 nM, and concentrations of Lsh WT and 
KR varied from 100 nM to 1000 nM, as indicated. WT is illustrated in black and grey scale bars, KR in blue scale 
and white bars. Reactions were carried out in 10 µl volumes in the presence of the indicated amount of ATP (non-
radioactive) and minor amounts of radioactive ATP (0.2 µCi/µl). Reactions were incubated for 45 min at 30 °C, 
then pipetted onto a TLC plate to separate the hydrolyzed phosphate from unreacted ATP. The percentage of 
hydrolyzed ATP was calculated according to the equation: % (hydrolyzed ATP) = Pi*100/(Pi + ATPnon-hydr), and was 
corrected for background activity arising from non-radioactive ATP. Corrected values were then used to calculate the 
amount of hydrolyzed ATP in µM. Afterwards, values were normalized to Lsh only (WT and KR lacking 
nucleosomes). WT and corresponding KR were compared to each other, and calculated ratios are displayed, if 
values for WT are > 1 and exceed values for the corresponding KR. Values > 1 for WT were compared to Lsh 
only (corresponds to a value = 1, indicated by a black line), if values for the corresponding KR are < 1. Values < 1 
can be ignored as signal intensities are weaker than for Lsh only. 
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ATPase assay with total RNA as substrate 
In order to confirm the stimulating effect of RNA on the ATPase activity of Lsh, RNA was 

isolated from HEK293 cells using the NucleoSpin® RNA isolation kit (Macherey-Nagel) 

instead of TRIzol. 

 
Effect of total RNA on the ATPase activity of Lsh. 
The ATPase activity of Lsh was studied using total RNA as substrate. Increasing amounts of total RNA (25 ng–
800 ng) isolated from HEK293 cells were incubated with 200 nM of Lsh WT (grey bars) and Lsh KR (light blue 
bars) in the presence of 1 mM non-radioactive ATP. Lsh WT (black bars) and Lsh KR (dark blue bars) lacking total 
RNA in the mixture served as controls. Reactions were incubated with minor amounts of radioactive ATP (0.2 
µCi/µl) for 45 min at 30 °C in a volume of 10 µl, and were pipetted onto a TLC plate to separate hydrolyzed 
phosphate from unreacted ATP. Percentage of hydrolyzed ATP was calculated according to the equation: % (hydrolyzed 

ATP) = Pi*100/(Pi + ATPnon-hydr), and was corrected for background activity arising from non-radioactive ATP and total 
RNA preparations. Corrected values were used to calculate hydrolyzed ATP in µM. 
 
 
Sequences of RNAs used in binding- and ATPase assays 
EN3D_ssRNA (synthetic oligo) 
CCUCCUUUUUUCUUUUUUUUUUUUUUUCU 
 

L10 (precursor miRNA_fly) 
GUUGGGGGACAUUGAUCUCGGAGACGGCGGUUUAACUGAUCCAUUCUCUCACAUCACUUCCC
UCACAG 
 

L17 (precursor miRNA_fly) 
CCUGGAGGGGGGCACUGCGCAAGCAAAGCCAGGGACCCUGAGAGGCUUUGCUUCCUGCUCC
CCUAG 
 

T546 (part from lncRNA TINCR_human) 
GGGCGGGCGGAGCGCGGGCGCGGCGGGGGCGGGCGGCCAGGCUAGUCGGGCGGGUGCGCG
GGGCGCUCGGGGCCCGGGGCCAGAGCUGGAGCCGGAGCCGGGCGGGCGCCAUGGAGGGGC
UGCGGCGGGGGCUGUCGCGCUGGAAGCGCUACCACAUCAAGGUGCACCUGGCGGACGAGGC
GCUGCUGCUACCGCUGACCGUGCGGCCGCGGGACACGCUCAGCGACCUGCGCGCCCAGCUG
GUGGGCCAGGGCGUGAGCUCCUGGAAGCGCGCCUUCUACUACAACGCGCGGCGGCUGGACG
ACCACCAGACGGUGCGCGACGCGCGCCUGCAGGACGGCUCGGUGCUGCUGCUCGUCAGCGA
CCCCAGGUAGUCUGGGUUGGAGGAGGCAGAGCCAUGACCAAGGGGACCUGGGUACUGGCUG
AAGGAAUAGGCUGGGGUAGAGGGCACUUUUGGAAGGCACUUCUCCUGCCUCCCGGGAGCCUA
GAUCUCACUCCAGGGUCUGGGCUCCCAGGUGGACCAU 
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T3460(part from lncRNA TINCR_human) 
GGGGGUGCCGAGGCUACGCAUGUCCUCGAGGGCCGUGUACACUCUCCAGGCACCAUGGGCG
GAGGCGCCAGAGGCUGGGAAGAAAUAAUGUUUUAGUUAAGAGUCCUGUUGGCUGCAGGACUC
AGAGCAUGGACAGGUGGAUAGUAAAUCACCACCACGGGGACAGCCGUGCCCAGACUGUGCGU
UUGCUUAGCUCGGGGACAGCACUUGGCCCGGGGUCUCCUGCUCGCCUCCCUUCAGAGCAUC
UGCCAAACUUCGGGCAUCUACCCUGCAAUUCCCGCUUGGCUGAGAGGAGGGGGAGAAGGAGG
GGAAGAGAGAGGAGCCCCACUUCACUCCGGCAGGCAGACCUGCUGGAGCUGCUUUGCAGAAU
GACUUGGGUCUUGCUGGCCCCUGGGUGUGCCUGGAGGGGGGUCUUCCUAUCCCCCUCCACC
UCUCCCCUUGGUGCCUAACCCAGGACUUUGUCCCCAGAGACCCACUGUGUGCCCCCUGGAGC
UCCUCCUAGAGCAGAGUCUGCUGCUGUCUGU 
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