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Summary 

Transcription of genes is controlled by a highly tuned machinery regulated by transcription 

factors, histone modifications and chromatin remodelers. CHD3, as a member of the 

chromatin remodelers, has an important role in modifying the dynamics of the chromatin 

structure. As a part of the NuRD complex, it has a repressive effect on transcription, while 

when functioning alone it is associated with transcriptional activation, as it was described for 

its interaction with the transcription factor c-Myb. Another player in these processes linked to 

both transcriptional repression and chromatin is the SUMO network, whereby SUMO 

conjugation and deconjugation are tuning and controlling many interactions in the 

transcription system. 

This project had two main objectives. The first was to study the interaction between CHD3 

and different SUMO isoforms (SUMO1 and SUMO2). The second was to investigate a novel 

interaction between CHD3 and the SUMO protease, SENP1, discovered in the laboratory. 

The binding of CHD3 to SUMO1-modified substrates is believed to recruit CHD3 to 

chromatin. This is caused by a recognition sequence for SUMO in the C-terminal region of 

CHD3. The evidence for a putative interaction of CHD3 with SENP1 was based on a yeast 

two-hybrid screening using SENP1 as bait by a previous MSc student, but not further 

validated. This thesis followed up these preliminary findings, since we found a possible dual 

interaction of CHD3 with both SUMO and a SUMO protease intriguing and suggesting an 

interplay between the SUMO system and a chromatin remodeler with implications for 

transcription.  

To achieve a better understanding of how CHD3 interacts with SUMO and SENP1, and how 

this affects its role as a transcriptional regulator, we decided to investigate both interactions in 

more detail. First, the interaction was confirmed and mapped between CHD3 and SENP1, and 

between CHD3 and SUMO by GST pulldown analysis. Interestingly, CHD3 showed not only 

binding to SUMO1, but also to the SUMO2 isoform through domains different from the one 

reported to interact with SUMO1.  

It was previously reported that SUMO becomes covalently conjugated to the transcription 

factor c-Myb, having a strong repressive effect on transcription. This modification is cleaved 

off by SUMO proteases, such as SENP1, making c-Myb-repressed genes active again. We 

explored the functional implication of the interactions between CHD3, SUMO and SENP1 by 
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studying their effects on c-Myb dependent gene activation and found CHD3 to enhance the 

activating effect of SENP1. 

We conclude that the interactions validated here between CHD3 and SUMO, and CHD3 and 

SENP1 suggests an important role in linking the SUMO network to both chromatin 

remodeling and to transcription. We suggest a unifying model that combines both interaction 

events as part of a single mechanism that may guide future research in these matters. 
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1 Introduction 

1.1 Transcription 

Transcription can be simply described as the synthesis of a single stranded RNA from a DNA 

template. However, in eukaryotes, the process from the gene to the RNA requires many steps 

and a multitude of finely tuned mechanisms involving highly regulated interactions. 

In the initiation of transcription a preinitiation complex is formed. It is generated by the 

interaction of several proteins called general transcription factors, which can recognize 

sequences close to the transcription start site and position the RNA polymerase II for the 

RNA synthesis.  

Transcription factors are the main regulators of gene expression. They contain a DNA-

binding domain that can recognize specific sequences in the genome. The efficient expression 

of the genes will require the cooperation of several co-factors. These co-factors can be co-

activators or co-repressors and they function as assembly factors or by covalently modifying 

histones or DNA, and by remodeling the chromatin. This regulates the chromatin structure 

and prevents or promotes the recruitment of the RNA polymerase to promoter regions. 

In the end, it is the balance between the activating and repressive events on the promoter 

regions which determines how the gene transcription is regulated. 

 

1.2 Chromatin 

Chromatin is a complex between DNA and proteins. It is only present in eukaryotes and 

serves to compact the DNA in a smaller volume, as well as preventing DNA damage and 

controlling gene expression.  

The main proteins in the chromatin are histones. There are five major families of histones; 

H1, H2A, H2B, H3 and H4. While H1 acts as a linker, the other four form an octamer 

consisting in two of each of the other four families. Because of the histones positive charges, 

and the negative charges of the DNA, DNA is tightly wrapped around the nucleosome. 
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Nucleosomes act as a physical barrier to transcription factors and other proteins that need to 

bind to specific regions of DNA.  

There are also some variants of the major classes of histones referred to as variant histones. 

These minor histones share amino acid sequence homology and structure similarity to a 

particular major histone, but have specific features that make them distinct. Some examples of 

the minor histones are H3.3, normally present in nucleosomes of actively transcribed genes, 

or H2A.Z, associated with promoter regions. 

Histones undergo post-translational modifications (PTMs) that modify their interaction with 

proteins and DNA. These PTMs are covalent modifications, such as methylation, 

phosphorylation, acetylation, ubiquitination or SUMOylation. Although histone cores can be 

covalently modified, these events are most frequently found and studied in histone tails. The 

combination of these modifications is known as “histone code”. Their function is to recruit 

effectors to the chromatin or specific chromatin remodeling enzymes that can disrupt the 

nucleosome position, exposing or hiding DNA sequences from transcription factors. 

 

1.2.1 Chromatin remodeling  

Chromatin remodeling refers to the dynamic modification of the nucleosomes positioning, 

carried out by a chromatin remodeler. The resulting change in nucleosome positioning can 

actively regulate transcription, both in a repressive and activating direction, as well as many 

other processes in the cell. 

Chromatin remodelers are proteins that use the energy from ATP hydrolysis to modify the 

structure or position of a nucleosome. As a consequence, DNA sequences become more or 

less accessible for other proteins to bind.  Their way of action includes ejection, sliding or 

repositioning of a nucleosome, or unwrapping of a section of DNA around the histone 

octamer. Chromatin remodelers can also modify the composition of the octamer by 

introducing a histone variant or by modifying the stability of the nucleosome. 

There are 53 different remodeling enzymes in humans with a conserved ATPase domain. The 

sequence identity of the ATPase component classifies them into four different families. In 
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addition to the ATPase domain, they contain flanking domains that help in nucleosome 

selection and in regulation of the ATPase activity [1].   

As the focus of this thesis is on the chromatin remodeler CHD3, from the CHD family, only 

this family will be described. 

 

1.2.2 CHD Family 

The chromodomain-helicase-DNA binding (CHD) family belongs to the ATP-dependent 

chromatin remodelers. Their main characteristic is the presence of two chromo domains, 

displayed as a tandem, located close to the N-terminal part of the protein. This family is 

divided in subfamilies according to the presence of other domains. 

The subfamily I includes CHD1 and CHD2. They contain a highly conserved SANT-SLIDE 

domain. The SANT-SLIDE domain allows them to interact with DNA and histones, 

especially H3, allowing CHD1 to deposit histone variant H3.3 into the nucleosome [2].  

The subfamily II includes CHD3, CHD4 and CHD5. They contain two PHD domains in the 

N-terminal region. The PHD domains, together with the chromo domains are involved in 

nucleosomes and DNA binding. CHD3 and CHD4 are also found as part of a complex called 

nucleosome remodeling and deacetylase complex (NuRD), containing two histone 

deacetylase (HDAC1 and HDAC2),  methyl CpG binding proteins (MBD) 2/3, metastasis 

associated proteins (MTA) 1/2/3 and histone-binding proteins (RBBP7, NURF55, etc.). 

The subfamily III includes CHD6, CHD7, CHD8 and CHD9. They contain some functional 

domains as SANT, similar to the DNA-binding domain of c-Myb [3]. CHD5 is sometimes 

included in this subfamily as it also includes a SANT domain. However, the presence of the 

two PHD domains and having a high identity with CHD3 and CHD4, makes it more often 

classified as a subfamily II member.  

The way of interaction of the CHD family is highly versatile. Many of the members need the 

interaction with transcription factors or histones to be brought to chromatin while others can 

be recruited by direct DNA sequence interaction. Their function has been related to 

transcription and also, to co-transcriptional RNA processing [4][5]. Several of them have been 
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found associated with transcriptional active regions. However, each performs a specific task 

during gene expression. 

 

1.2.3 CHD3 and the NuRD complex 

Chromodomain helicase DNA-binding protein 3 (CHD3) is the ATP-dependent chromatin 

remodeler in focus in this thesis. CHD3 is associated with Hodgkin’s lymphoma and together 

with CHD4 were initially discovered as autoantigens in the connective tissue disease 

dermatomyositis [6]. Together with the ATPase domain, chromo domains and the PHD 

domains, CHD3 contains a SUMO interaction motif (SIM) in the C-terminal region [7].  

As already described, CHD3 and CHD4 are part of the NuRD complex. NuRD is the only 

chromatin remodeling complex that fulfills its function in two way; by performing ATPase 

dependent chromatin remodeling and histone deacetylation [8]. Thereby CHD3 and CHD4 

can slide and reposition nucleosomes and HDAC1 and HDAC2 can deacetylase Lys residues 

of histones and non-histone proteins. This dual enzymatic activity has been related to 

heterochromatin formation and rapid termination of gene transcription [9][10]. 

The NuRD complex is involved in several processes, including transcription, DNA damage 

repair, genome stability maintenance and chromatin assembly [9][10][11]. These activities are 

dependent on the complex composition. 

Based on the two enzymatic activities, the ATP-dependent chromatin remodeling and the 

histone deacetylation, the NuRD complex has been involved in gene repression. Thus, the 

NuRD is recruited to promoters of target genes by interaction with transcription factors and 

co-regulators, such as Ikaros, FOG-1 or KAP-1 [12–14]. Hence, the complex locates adjacent 

to histone tails, making them accessible for acetylation, contributing to the compaction of the 

chromatin [15]. 

The co-repressive function of the NuRD complex has been described for many processes 

[14][16][17][18][19]. However, recent studies have shown that this complex is also linked to 

regulation of actively transcribed genes [20]. In this case, the presence of the NuRD 

components in gene regions does not silence gene expression but modulates the expression 

levels.   
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Besides, CHD3 has been described to function in a NuRD independent manner to activate 

transcription [21][22], associating CHD3 to the transcription factor c-Myb.  

In the Drosophila model system, this activating function has been found to be very important. 

Studies of the CHD3-homologue dMi-2 in Drosophila revealed that dMi-2 is recruited to 

active heat shock genes, and is required to achieve high transcript levels [23]. Furthermore, 

dMi-2 binding over active heat shock genes is determined by transcriptional activity. Recent 

studies of dMi-2 revealed an intriguing link between dMi-2 function and chromatin 

decompaction suggesting that it may regulate transcription and cellular differentiation by 

altering higher-order chromatin structure or cohesin dynamics [24]. In Drosophila, the dMec 

complex is a more abundant dMi-2 containing complex than NuRD and it has been implicated 

in SUMO-dependent transcriptional repression [19]. 

 

1.3 Transcription factor c-Myb  

c-Myb is a transcription factor encoded by the proto-oncogene MYB. This gene is highly 

conserved though evolution, being present in all vertebrates. It is part of a family that includes 

the members A-Myb, B-Myb and c-Myb. In humans these correspond to MYBL1, MYBL2 and 

MYB. The three proteins have a high amino acid homology in certain regions of the proteins, 

containing several structural similarities in particular in their DNA-binding domains, but their 

function is tissue specific [25]. A-Myb is required for spermatogenesis and mammary gland 

epithelium proliferation during pregnancy [26]. B-Myb homozygous disruption results in 

failure of embryonic development in mouse prior to implantation [27]. Both A-Myb and B-

Myb encoding genes appear to be expressed in all dividing cells in vertebrates [28].  

As many transcription factors, c-Myb contains a DNA binding domain (DBD) and a 

transactivational domain (TAD). It also contains a C-terminal regulatory domain (CRD)[29].   

The DBD consists of three pseudorepeats of approximately 50 amino acids, R1, R2 and R3 

with a helix-turn-helix related structure that are involved in complex formation with DNA. 

While R2 and R3 bind specific to DNA, R1 binds non-specifically. Hence the R2 and R3 are 

sufficient for DNA-binding [30].  
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The TAD is located in the middle of the protein and consists of a sequence of acidic and 

hydrophobic residues. In c-Myb, the amino acids 275 to 325 is the minimal fragment needed 

for having transactivational activity when linked to a DBD [29]. The TAD is constitutively 

active in c-Myb. An additional activation function is found in the CRD, which, in contrast to 

the one in the TAD, is dependent on removal of PTMs [31].  

The CRD was previously known as the negative regulatory domain (NRD), because the 

deletion of this domain could increase the activity of c-Myb. However, detailed studies of it 

have shown it to be repressed by two SUMO covalent modifications, gaining activity upon 

removal these [32–34].  

c-Myb is important in the regulation of proliferation and differentiation of hematopoietic 

cells. It is expressed at high levels in immature blood cells, and the level decreases during 

development, suggesting a role in keeping the cells in an undifferentiated proliferative state 

[35]. If c-Myb is inactivated, no mature blood cells are developed. Moreover, overexpression 

of c-Myb has been reported for many types of cancer, as breast cancer [36], colorectal cancer 

[37] and several types of leukemia [38][39]. Therefore, regulation of c-Myb activity is 

important as it is essential for development.  

 

1.3.1 c-Myb interacting partners 

The two main ways to regulate the activity of c-Myb, besides modulating the transcription 

levels, are by PTMs or by interaction with other proteins. Transcription factors commonly 

modulate their function by interacting with large protein complexes involved in the 

transcription process.  

One of the best described interaction partners of c-Myb is the acetyltransferase CREB-binding 

protein (CBP) and its homologue p300 [40][41]. This interaction leads to enhancement of the 

transcriptional potential of c-Myb. The function of CBP/p300 with c-Myb is a good example 

of the two ways to regulate the activity as the interaction not only involves acetylation of the 

transcription factor c-Myb, but also, facilitates the acetylation of H3 Lys, inducing gene 

expression [42][43].  
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So far many proteins have been reported to interact with c-Myb. However, the function of 

several of these interactions is yet to be determined. As part of the interaction partners of c-

Myb, CHD3 was first discovered in a yeast two-hybrid screening, as well as the SUMO E2 

conjugating enzyme Ubc9 [33]. Studies on the interaction of the transcription factor c-Myb 

improve our understanding of its function. 

1.4 SUMO 

 

Figure 1.1 Schematic representation of the SUMO pathway. Taken from [44] 

The small ubiquitin-like modifier (SUMO) is a member of a family of proteins related to 

ubiquitin known as the Ubiquitin-like protein family (Ubls). All the members are small 

proteins with a similar 3D structure to ubiquitin, despite having little sequence identity. This 

ubiquitin-like or β-grasp structure consists of β-sheets and α-helixes ordered as ββαββαβ.  

SUMO was first identified as a post-translational modification, covalently attached to Ran 

GTPase activating enzyme RanGAP1, regulating its localization in the cell [45][46]. Since 

then, more target proteins have been found to be modified by SUMO proving that this PTM is 

essential for cell development [47]. Together with ubiquitin, SUMO plays a major role in the 

regulation of cancer-relevant pathways [48].  
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SUMO is conserved in eukaryotes and in mammals four isoforms have been described, 

SUMO1, 2, 3 and 4. The SUMO proteins are approximately 100 amino acids long and are 

ubiquitously expressed, excepting SUMO4, that has its highest expression levels in the kidney 

[49]. While SUMO2 and SUMO3 have a high similarity, only differing in 3 amino acids, 

compared to SUMO1 they are only 50% identical. For this, SUMO2 and SUMO3 are often 

referred as SUMO2/3. SUMO4, which has been less studied, has approximately 85% 

similarity with SUMO2/3.  

SUMO1 appears in the cell mostly conjugated to substrates. On the other hand, SUMO2/3 is 

found mostly free, and conjugated under stress conditions [50]. Moreover SUMO2/3, unlike 

SUMO1, has been reported to form chains [51][52][53][54]. 

1.4.1 SUMOylation 

Similar to ubiquitination, SUMOylation is the formation of an isopeptide bond between the C-

terminal Gly residue of the SUMO protein and the ε-amino group of a Lys residue in the 

target protein [44]. This Lys has to be in a consensus sequence ΨKxE/D, where Ψ is a 

hydrophobic residue and x is any amino acid. SUMOylation is highly dynamic and reversible, 

and occurs in five steps with the presence of four different enzymes: a SUMO protease, a 

SUMO E1 activating enzyme, a SUMO E2 conjugase and a SUMO E3 ligase (Figure 1.1).  

The first step of the process is maturation, where SUMO is activated by cleavage of the last 

amino acids of the protein exposing a Gly-Gly motif. SUMO is expressed as a precursor 

carrying an extended C-terminal domain. This process is carried out by a ubiquitin like 

protease known as sentrin-specific proteases (SENPs). The SENPs take their name from the 

original name of SUMO, Sentrin, and are responsible for both the maturation of SUMO 

precursors and for their deconjugation [55]. As one of these proteins is of special interest for 

this thesis, further information would be given later in the introduction. 

The second step of SUMOylation is activation by the E1 activating enzyme AOS1-UBA2. 

This forms a thioester bond between the C-terminus of SUMO and a catalytic Cys in UBA2. 

This is achieved with hydrolysis of ATP, forming an adenylated SUMO intermediate.  

Following activation by AOS1-UBA2, SUMO is transferred to an E2 conjugation enzyme in a 

transesterification reaction. In human it is UBC9 that can recognize the substrate protein, bind 
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to its consensus motif and catalyze the SUMOylation. Despite being sufficient with the 

presence of UBC9 for the SUMOylation, the interaction with a SUMO E3 ligase facilitates 

this reaction. The SUMO E3 ligases are enzymes that catalyze the transfer of SUMO to the 

substrate from UBC9. They confer substrate specificity by either stabilization of the 

interaction or by better positioning of the E2 for an optimal transfer of the SUMO isoform. 

The last step of this dynamic system is the deconjugation, carried out by a SUMO protease 

that is also involved in maturation. 

The SUMO conjugation pathway is important for the cell cycle. Besides being conjugated to 

proteins, the different SUMO isoforms can interact with proteins in a non-covalent manner.  

1.4.2 SUMO interaction motif 

SUMOylation of a protein can lead to differences in the recruitment of interactants. This is 

due to a sequence that recognizes SUMO present in the interaction partner. These sequences 

are described as SUMO interaction motif (SIM). They consist of a short hydrophobic core of 

4 amino acids (V/I,x,V/I,V/I), flanked by acidic residues, or phosphorylated Ser residues [49]. 

The SIM forms a β-strand that can bind in parallel or antiparallel to SUMO between an α-

helix and a β2-strand. The acidic amino acid or the phosphorylated Ser can determine the 

orientation of the SUMO-SIM interaction [56] as well as the SUMO isoform that binds to it. 

SUMO1 has preference for an acidic flanking, while SUMO2/3 binding is not related to the 

presence or absence of these residues. The reason for this is a difference in amino acid 

composition in the β2-strand and α-helix of the SUMO isoforms [56]. 

SIM domains can influence intracellular localization, protein-protein interaction and 

intracellular trafficking for modified proteins. They are normally present in E2 activating 

enzymes and E3 SUMO ligases. Moreover, the presence of a SIM domain in a protein can 

recruit SUMO, promoting their own SUMO modification [57].  

   

1.4.3 SUMO protease 

The SUMO proteases are involved in deSUMOylation and they belong to the SENP family. 

Bioinformatics’ studies identified 8 SENPs in humans. However, later studies showed that 
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SENP3 and SENP4 were the same protein, and that the substrate for SENP8 was not SUMO 

but Nedd8. The six SUMO proteases remaining are divided in two groups according to the 

structure of the catalytic domain. While SENP1, 2, 3 and 5 have a single catalytic domain, 

SENP6 and 7 contain an insertion of unknown function that divides this domain in two [58]. 

All the catalytic domains are located in the C-terminal region of the proteins, while the N-

terminus is related to substrate selectivity and activity regulation.  

The different SENP isoforms can have different substrate selectivity. Regarding maturation of 

SUMO, SENP1 showed to have the highest preference in binding, while SENP6 and 7 

showed no activity. However, SENP6 and 7 showed to be the active for de-conjugating 

SUMO chains. Despite this, the regulation of deSUMOylation in vivo is not only dependent 

of the substrate specificity of each SENP isoform, but also its cellular localization 

[59][60][61]. 

SUMO proteases affect several cellular processes, and mutation of them can lead to different 

effects including lethality [62]. However, their substrate protein is many times difficult to 

know. The reason for this is that, at steady state, only a small percentage of proteins substrates 

are present in their SUMOylated form. Moreover, from the multiple proteins involved in a 

particular physiological process, several of them can be SUMOylated or present a non-

covalent interaction with SUMO. Therefore, modification of the affinity of one single protein 

to SUMO not always leads to a strong phenotypical deficiency [62]. 

 

1.4.4 SENP1 

SENP1 has the highest activity of all the SENP isoforms and has functional activity for all the 

SUMO isoforms [63]. It can locate to the nucleus as well as to the cytoplasm. Its catalytic C-

terminal domain can be impaired by mutation of Cys 603, leading to exclusive nuclear 

localization [60]. 

SENP1 is essential for deSUMOylation of SUMO1 [64]. It is also more active on maturation 

of the first isoform [65][66]. The reason for this is the presence of a His in the SUMO1 

sequence, while SUMO3 presents a Pro at this place [66]. 
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Although several SENP isoforms can cleave SUMO variants, SENP1 seems to be essential for 

many biological functions. Knockout of SENP1 in mice shows to be lethal after stage E11.5 

[67]. Moreover, it has been reported to be deregulated in several types of cancer [68][69]. 

However, the importance of the SENP1 can be explained by the significant role of SUMO in 

the cellular processes.  

 

1.4.5 SUMO as a regulator of transcription and chromatin structure 

Many proteins important for regulation of gene expression, such as TFs, co-factors, or 

chromatin modifying enzymes, can undergo SUMOylation. The diverse effects of 

SUMOylation can be explained partially by the generation of functionally specific signals. 

Moreover, the presence of four SUMO isoforms gives a potential for an even more distinct 

signaling when interacting with downstream elements [70].  

SUMO in relation to chromatin presents a well-documented association. SUMO1 is normally 

associated with long stretches of constitutive heterochromatin in human spermatocytes, while 

this isoform together with SUMO2/3 can also be detected in heterochromatic regions of XY 

bodies in rats [71][72][73][74]. SUMOylation of chromatin associated proteins is suggested to 

have an important function during cell cycle as it has been detected during different stages of 

cell division [75][76][74].  

The association of SUMO with transcription regulation generally relates it with gene 

repression. Consistent with this, induction of hypoSUMOylation leads to enhanced of ectopic 

gene expression [77]. One of the most abundant classes of described SUMO-modified 

proteins are TFs and co-factors[78][79]. However, not all the observations of SUMOylation 

of TFs are related to repression, suggesting a dichotomous for this modification [80]. The first 

global mapping of SUMOs in the genome also showed, surprisingly, that SUMO was widely 

distributed over the genome with strong association at active promoters [81]. In particular, 

SUMOylation occurs most prominently at promoters of histone and protein biogenesis genes, 

as well as Pol I rRNAs and Pol III tRNAs [82]. 

The function of SUMOylation can be explained in part on its effects on chromatin 

modifications and structure. This relates to the recruitment of co-repressor complexes that 
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recognize SUMOylation by SIM domains, and can lead to active repression of genes 

[83][84][65]. Studies where they mutated the well-characterized SUMO1 modified TF Sp1 to 

abolish this modification lead to dramatically differences [85]. Some of the example include 

reduction of histone methylation at promoter regions of target genes, reduction of histone 

methyltransferase HP1 levels as well the reduction of two ATP-dependent chromatin 

remodelers, one of the homologue version of CHD3 [86][87][88]. This example illustrates 

how SUMOylation of just one TF can alter chromatin structure, by some direct and some 

indirect effects.  

SUMOylation effects are also associated with deSUMOylation events. SUMO proteases can 

also be part of transcription regulation. For example, SENP1 has been proposed to participate 

in a positive feedback stimulating transcription. However, their link to transcription appears to 

be also case dependent as SENP1 is also proposed to deSUMOylate HIFα, decreasing 

expression of its target genes [62] . 

SUMO is also related to the transcription factor c-Myb. c-Myb was described to undergo 

SUMOylation in two Lys in the CRD domain by both SUMO1 and SUMO2/3 resulting in 

decreased transactivational activity [33][34]. Mutation of these two Lys impaired the 

SUMOylation, resulting in an enhancement of transcription [33][34]. 

The effect of SUMOylation on chromatin and transcription appears to be context dependent, 

regulating several different events. A better understanding of the SUMO interaction is needed 

in order to understand its particular role. 

 

1.5 Aims of the study 

Transcription of genes in the genome can be influenced by the different states of the 

chromatin. The regulation of the genes is controlled by a sophisticated machinery of which 

transcription factors play an crucial part. The chromo domain-helicase-DNA-binding protein 

3, (CHD3) has an important role in modifying the dynamics of the chromatin structure. As a 

member of an ATPase-dependent chromatin remodeling family it contributes to nucleosome 

spacing rearrangements by altering interaction between DNA and the histone octamer. As a 

part of the NuRD complex it has a repressive effect on transcription [16][17][18][14]. Several 
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reports have also presented evidence for an activating effect on transcription [21][22]. How 

these different functions are controlled, is poorly understood.  

CHD3 has previously been identified in our group as an interaction partner of the 

transcription factor c-Myb. In this context, transient co-transfection of c-Myb and CHD3 

resulted in gene activation [22]. Studies performed in the Myb group have also revealed 

association of CHD3 with other partners in the c-Myb interaction network. In particular, 

CHD3 was recently identified in a yeast two-hybrid (Y2H) screening as an interaction partner 

of the SUMO protease SENP1 (L.M. Moen, unpublished results).  Remarkably, several of the 

interaction partners of CHD3 belong to the SUMO-system, such as SUMO1 and SENP1. This 

suggested to us that CHD3 may represent an interesting novel link between the SUMO 

system, chromatin remodeling and transcription. We hypothesize that CHD3 interacts with 

both SUMO modifications and SUMO-proteases and thereby coordinates how the 

SUMO-system affects transcription. This thesis is a first approach to address this 

hypothesis. 

SUMO is covalently conjugated to c-Myb, having a strong repressive effect on transcription. 

This modification is cleaved off by SUMO proteases, such as SENP1, making c-Myb 

regulated genes active again. The interactions of CHD3 with both the repressive modification 

of c-Myb and the protease that breaks the bond may suggest a dual function of the chromatin 

remodeler, possibly coordinating transcription in relation to the SUMO-system. We want to 

explore this possible function of the chromatin remodeler. 

One report has previously described a link between CHD3 and SUMO, showing the ability of 

CHD3 to bind to SUMO-conjugated KAP1 proteins [7]. In that work, a SIM domain in CHD3 

that interacts with SUMO1 was identified. The binding to other SUMO proteins has not been 

reported, nor any interaction with SUMO-proteases. To better understand the CHD3 function 

we decided to map the binding of both SENP1 and SUMO family members to CHD3 and 

perform initial functional studies of how these interactions affect c-Myb dependent 

transcription.  

This study is divided into two main parts. 

Part 1 - a study of the interaction between CHD3 and SUMO family proteins: 

1. Interaction studies addressing the following questions: 
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1. Does CHD3 bind to several SUMO family members? 

2. Will the CHD3 mutant lacking the reported SIM domain bind to other SUMO family 

members? 

3. Where do the different SUMO isoforms bind in CHD3? 

4. C Can the reported SIM domain in CHD3 help in the interaction with c-Myb?  

5. Are there any undiscovered SIM domains in CHD3? 

6. Is the CHD3-binding to SUMO conserved in other CHD protein family members? 

Part 2 – a study of the interaction of CHD3 with SENP1 

2A. Interaction studies addressing the following questions: 

1. Does CHD3 bind to SENP1 as suggested by the Y2H screening, and where is the 

binding located in SENP1?  

2. Where does SENP1 bind in CHD3? 

3. Is the binding to SENP1 conserved in other CHD protein family members? 

2B. Functional studies addressing the following questions: 

1. How is the binding of CHD3 and SENP1 affecting the activity of c-Myb 
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2 Methods 

2.1 DNA techniques 

The first techniques for gene manipulation started around 1970. Those techniques included 

transformation of Escherichia coli, digestion of DNA and ligation of it. From this, a 

recombinant DNA is artificially created by bringing together DNA sequences that are not 

normally found together. Since then the developments in gene manipulation have increased 

our understanding and provided us with tools for molecular discoveries. In this section all the 

methods used for gene manipulation would be described.  

2.1.1 Subcloning in bacteria 

In this technique we use a bacterial host cell to amplify a desired DNA molecule. The normal 

solution is to insert the DNA into a vector or plasmid. This not only provides an easy way of 

amplifying the DNA of interest, but is also a convenient way of isolating it from the host cell 

DNA.  

2.1.1.1 Transformation of competent DH5α 

The organism chosen as host cell is Escherichia coli (E. coli), strain DH5α, which can easily 

be made supercompetent and take up external DNA with high efficiency. The presence of an 

antibiotic resistance gene in the plasmid will make only real transformants grow.  

Procedure: 

1. Thaw the competent DH5α cells on ice. 

2. Add from 1 µl to 5 µl of plasmid (dependent on DNA concentration) to 50 µl of cells. 

3. Leave the cells on ice for 30 minutes. 

4. Incubate the cells at 42 °C for 90 seconds. 

5. Let the cells stand on ice for 2 minutes. 
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6. Add 800 µl LB medium and incubate the cells at 37 °C with constant shaking for 30 to 

60 minutes. (This step is unnecessary if the antibiotic selection is Ampicillin. Go 

directly to step 9).  

7. Centrifuge the cells and remove most of the supernatant. 

8. Resuspend the pellet in the remaining supernatant. 

9. Spread the cell suspensions on LB agar plates with the appropriate antibiotic at a 

proper concentration and incubate for 16 hours to 18 hours at 37 °C. 

 

2.1.1.2 Growth of E. coli DH5α 

E. coli DH5α cells were cultured at 37 °C in LB medium or on LB agar plates. The LB 

medium contains all the nutrients that the bacteria need to grow and replicate. Antibiotics 

were used at appropriate concentrations for selection, resistance conferred by the plasmid. 

Final concentration of antibiotics used:  

Ampicillin 100 µg/ml 

Kanamycin 50 µg/ml 

Chloramphenicol 25 µg/ml 

 

When working with bacteria it is important to keep a sterile environment to avoid 

contamination. The solutions used are made sterile by autoclaving them for 20 minutes at 121 

°C. The practical work was performed in a laminar fume hood.  

2.1.1.3 Isolation of plasmid DNA 

Plasmid DNAs were isolated from cultures of E. coli DH5α as minipreps with 

NucleoSpin®Plasmid, or as maxipreps with the kit NucleoBond®Xtra Maxi, both from 

Macherey-Nagel and performed according to the manufacturers recommendations.  
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2.1.1.4 Storage of E. coli cells 

E. coli cells can be preserved for many years at -80 °C by adding glycerol to a final 

concentration of 15 %. In this way the cells can be cultured by taking a small aliquot of the 

stock into fresh LB medium. 

 

2.1.2 Polymerase chain reaction 

The polymerase chain reaction (PCR) allows a DNA sequence to be amplified in vitro. The 

PCR requires two oligonucleotide primers that flank the DNA sequence to be amplified.  

They anneal to opposite strands of the DNA after denaturation, and are oriented so that the 

polymerase synthesis proceeds in the direction of the other primer. This creates two DNA 

copies of the target region. This process will then be repeated, increasing the number of 

amplicons logarithmically. This technique can be used to amplify huge amounts of DNA. It 

can also be used for introducing a mutation in the DNA with the use of primers altered in the 

desired region of base pairs.  

The polymerase used for the conventional PCR in this work was VentR® DNA polymerase 

from New England Biolabs, which is heat stable and has 3’-5’ proofreading exonuclease 

activity that minimizes the error rate. 

The PCR reaction is performed in three steps, repeated around 30 times. 

1. Denaturation: The two strands of DNA are separated by braking the hydrogen bonds 

at 95 °C 

2. Annealing: The primers to the flanking sequences. The temperature of the process 

depends on the base composition and length of the primers that will influence the 

melting point. Annealing temperature should be about 2 °C to 5 °C lower than the 

melting temperature. 

3. Elongation: The DNA polymerase synthesizes the new copy in direction 5’-3’. The 

temperature used is 72 °C for VentR® DNA polymerase. 
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Procedure: 

1. Mix the following reagents in a 200 µl tube for PCR. 

 

 

 

 

 

 

 

 

 

 

Distilled water is added until filling the total volume. 

 

2. PCR is performed in the MJ Research PTC-200 DNA Engine thermal cycler. (For 

protocol and primer sequences see Appendix 4) 

 

2.1.3 Agarose gel electrophoresis 

Agarose gel electrophoresis is a technique to separate DNA fragments. An electrical field 

makes the DNA migrate through the pores of an agarose gel, in inverse relation to their 

molecular weight. The agarose gel is composed of polymeric molecules, giving a different 

pore size dependent of buffer, type and concentration of the agarose. The buffer, Tris-acetate-

EDTA (TAE) buffer is used both as running buffer and in the agarose gel. To visualize the 

DNA in the gel, ethidium bromide is added to it before solidification. Ethidium bromide 

Reagent Final concentration 

DNA template 0.1 ng/µl 

Forward primer 1 µM 

Reverse primer 1 µM 

dNTPs 0.25 mM 

Polymerase buffer 1x 

BSA 1x 

Total volume 50 µl 
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intercalates between the nucleotides of the DNA and fluoresces under UV light. A DNA 

ladder is used as a standard to determine the size of the DNA fragments present in a sample. 

Procedure: 

1 % agarose gel: 

1. Add 1 g agarose to 100 ml 1x TAE buffer. 

2. Heat the solution until the agarose is dissolved. 

3. Cool down the solution to around 50 °C. 

4. Add ethidium bromide to a final concentration of 0.5 µg/ml in a hood.  

5. Pour the solution in a gel tray with a gel comb that will form wells. 

6. Let the gel solidify for about 15 minutes. 

7. Add 4x loading buffer into the samples. 

8. Remove the combs and place the gel tray into the electrophoresis chamber. 

9. Fill the chamber with 1x TAE buffer until the gel is fully covered. 

10. Load the samples and the DNA ladder into the wells 

11. Run the gel at 100 V for 45 to 60 minutes. 

12. Visualize DNA using a transilluminator. 

2.1.4 Restriction cutting of DNA 

Restriction endonucleases are enzymes that recognize a nucleotide sequence and cleave DNA 

at discrete points by breaking the phosphodiester bond between one nucleotide and the next. 

They will leave cohesive or blunt ends in the DNA. This ends, if identical, can be ligated to 

create a recombinant DNA molecule. If the vector is cut with only one enzyme, it can be 

dephosphorylated to avoid religation. This can be achieved by adding a phosphatase such as 

shrimp alkaline phosphatase (SAP) that can function in the same buffer used for restriction. It 

is important to not use the SAP if the insert to be ligated into the vector is a PCR-amplified 
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DNA fragment. This is because there will no 5’-phosphate in the ends due to primers being 

unphosphorylated, and ligation becomes impossible. However, if the PCR product is digested 

near the ends, 5’-phosphate ends will be generated. If the insert is to be subcloned between 

two different restriction sites, SAP of the vector is unnecessary and normally not used. 

The restriction assays were performed following manufacturers recommendations. Restriction 

cutting is also used to verify the correctness of plasmids. 

1. Mix the following reagents in a microfuge tube. 

 

 

 

 

 

 

 

Distilled water is added until filling the total volume. 

2. Incubate for 1 to 2 hours at 37 °C. 

The reaction can be terminated by heat shock inactivation of the enzyme, by adding DNA 

loading dye before running an agarose gel, or by purification of the DNA on a NucleoSpin 

Extract II column. 

 

2.1.5 Purification of DNA from an agarose gel 

After the DNA has migrated in the agarose gel and visualized by the use of a UV 

transilluminator, it can be purified by a column-based purification kit. The fragment of DNA 

is cut out of the agarose gel. The gel piece is dissolved at 50 °C with addition of a capture 

Reagent Final concentration 

DNA template 10 - 100 ng/µl 

Appropriate buffer 1x 

BSA 1x 

Enzyme 0.5 – 1 U 

Total volume 20 µl 
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buffer that will reduce the melting temperature of agarose. It also contains chaotropic agents 

that shield the resin from the purification column to make it positively charged so that DNA 

can bind to it. After a washing step the DNA is eluted in a small volume.  

The purification was performed with the kit NucleoSpin®Extract II from Macherey-Nagel 

following manufacturers recommendations. 

 

2.1.6 Ligation of DNA fragments 

Ligation consists in joining two DNA fragments with identical ends together. This is achieved 

by a DNA ligase that in presence of ATP forms a phosphodiester bond between the 3’-

hydroxyl group on one nucleotide and the 5’-phosphate group on another. 

For the ligation T4 DNA ligase from New England BioLabs® was used.  The ligase is able to 

join both blunt and cohesive ends. The ratio between insert and vector is important for 

optimal ligation efficiency. A ratio between vector and insert of 1:10 was used. Amount of 

insert used in the ligation reactions was calculated using the following equation:  

             
                            

               
       

Procedure:  

1. Mix the following in an Eppendorf tube 
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Distilled water is added until filling the total volume 

2. Incubate from 1 to 18 hours at room temperature.  

The ligation mix can then be transformed into competent E. coli DH5α and plated on agar 

plates with the appropriate antibiotics. 

A negative control without the insert is included to estimate the amount of religated vector 

and will indicate the level of false positives. 

 

2.1.7 Quantification of DNA 

The DNA is measured using Nanodrop 2000 spectrophotometer from Thermo Scientific™  

according to manufacturer’s instructions. The machine calculates the DNA concentration 

from the absorbance of the sample by using the Beer-Lambert law. The absorbance ratio at 

260 and 280 nm is used to assess the purity of the sample, being closer to 1.85 for pure DNA 

and to 2.00 for pure RNA.  

 

Reagent Final 

concentration 

Vector DNA 30 ng 

Insert DNA Calculated 

T4 DNA ligase 

buffer 

1x 

T4 DNA ligase 5 U 

Total volume 20 µl 
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2.1.8 DNA sequencing 

DNA sequencing is used for determining the order of nucleotides in a DNA molecule. 

Random mutations can be inserted into a DNA sequence in many ways. One of them is by 

amplification by PCR, where VentR DNA polymerase has an error rate of 5.7 x 10
-5

. DNA 

sequencing is an important technique to verify these possible mutations. All sequencing was 

carried out by ABI sequencing service at the University of Oslo. Samples were prepared 

according to the sequencing facility’s requirements and results were obtained two days later. 

2.2 Protein expression 

In this section the methods used for protein expression in cell-based systems are described.  

 

2.2.1 Bacterial expression system 

E. coli is a widely used expression host. It is the easiest, fastest and cheapest expression 

system of all, it has many commercial expression vectors available and many different strains 

optimized for this purpose. The strain used for this project was BL21(DE3)pLysS.  

 

2.2.1.1 Expression of proteins in E. coli BL21(DE3)pLysS 

BL21(DE3)pLysS cells are resistant to chloramphenicol due to its LysS plasmid . The 

bacteria are deficient in two proteases, preventing protein degradation. DE3 indicates that it 

carries a chromosomal copy of T7 RNA polymerase under control of the isopropyl β-D-1-

thiogalactopyranoside (IPTG) sensitive lacUV5 promoter. Induction is done by addition of 

IPTG to the medium.  The cells also express T7 lysozyme, which would inactivate residual 

T7 RNA polymerase made in absence of induction. All the plasmids expressed in 

BL21(DE3)pLysS were tac promoter containing plasmid. In order to make them competent, 

CaCl2 is added in the media, facilitating the interaction between the DNA and the 

lipopolysaccharides of the bacteria. 

When working with bacteria it is important to keep a sterile environment and avoid 

contamination. The solutions used have to be sterile by autoclaving them for 20 minutes at 

121 °C. The samples were handled in a laminar fume hood. 
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The cells have to be transformed following the protocol 

Transformation procedure: 

1. Thaw competent cells on ice. 

2. Add from 1 µl to 5 µl of plasmid (dependent on DNA concentration) to 200 µl of 

competent BL21(DE3)pLysS. 

3. Leave the cells on ice for 30 minutes. 

4. Incubate the cells at 42 °C for 45 seconds. 

5. Let the cells stand on ice for 2 minutes. 

6. Add 800 µl LB medium and incubate the cells at 37 °C with constant shaking for 60 

minutes. 

7. Centrifuge the cells and remove most of the supernatant. 

8. Resuspend the pellet in the remaining supernatant. 

9. Spread the cell suspension on an SOB agar plate with the appropriate antibiotic 

needed for selection.  

10. Incubate for 16 hours to 18 hours at 37 °C. 

Procedure for protein expression: 

1. Add a single colony from the transformation LB agar plate into a 13 ml culture tube 

containing 3 ml LB or SOB media and the appropriate antibiotics.  

2. Incubate for 16 hours to 18 hours at 37 °C with constant shaking. 

3. Spin down the cells and resuspend in 1 ml fresh SOB media 

4. Transfer this into a 1 l Erlenmeyer flask containing 100 ml SOB media and the 

appropriate antibiotic used for selection. 

5. Incubate at 37 °C with constant shaking at 250 rpm. 
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6. If ampicillin is used for selection, it must be supplemented when OD600 reaches 0.3, to 

a final concentration of 100 µg/ml. 

7. Incubate with constant shaking until OD600=0.6. 

8. Transfer 500 µl of the culture into a microfuge tube, spin it down, discard the 

supernatant, add 50 µl 3x SDS loading buffer and freeze it for later analysis by SDS-

PAGE.(Sample 1) 

9. Add IPTG to a final concentration of 0.4 mM to the cell culture for induction of 

protein expression. 

10. Incubate for 2 hours at 37 °C. 

11. Measure OD600 

12. Transfer 200 µl of the culture into a microfuge tube, spin it down, discard the 

supernatant and add 3x SDS loading buffer to an amount that makes the cell 

concentration equal to Sample 1. Freeze it for later analysis by SDS-PAGE.(Sample 2) 

13. Transfer the culture to a centrifuge tube and leave on ice 10 minutes. 

14. Centrifuge at 6000 rcf for 10 minutes at 4 °C. 

15. Discard supernatant and resuspend pellet in 10 ml TEN buffer. 

16. Centrifuge at 6000 rcf for 10 minutes at 4 °C. 

17. Discard supernatant and resuspend pellet in 2 ml TEG300 or TEG500 buffer. 

18. Keep sample at -80 °C for at least one hour. 

19. Thaw cells on ice and add: 
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Reagent Final concentration 

DTT 1 mM 

PMSF 1 mM 

Triton X-100 0.1 % 

20. Ultracentrige at 40,000 rcf for 2 hours at 4 °C. 

21. Transfer the supernatant to microfuge tubes and store at -80 °C. 

 

2.2.2 SDS-PAGE 

SDS polyacrylamide gel electrophoresis (SDS-PAGE) is a method for separating proteins in 

an electrical field. Sodium dodecyl sulfate (SDS) is an anionic detergent that can impart an 

even negative charge to proteins and remove covalent bonds, leaving the molecular mass as 

the determining factor for the separation. The migration distance in the gel is inverse 

proportional to the molecular mass of the protein. Different polyacrylamide composition can 

be used to resolve different protein sizes. 

Pre-casted gels Criterion™ TGX™ Precast Gels from BIORAD were used for this purpose. 

After run, the SDS-PAGE gels can be stained to visualize all proteins, or transferred to a 

membrane for western blotting 

2.2.2.1 Coomassie blue staining 

Procedure: 

1. Place gel in Fixing/destaining solution for 10 minutes with constant shaking 

2. Remove Fixing/destaining solution and add Coomassie blue staining solution for 30 

minutes under constant shaking 

3. Remove Coomassie blue staining solution and add Fixing/destaining solution. This 

step is repeated until destaining leaves visible bands. 
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2.2.2.2 Western blot 

Western blotting is a technique consisting of transferring electrophoresed proteins from a 

polyacrylamide gel into a membrane of nitrocellulose or PVDF, to which they bind strongly. 

We used the PVDF membrane for detection of protein by specific antibodies. As the 

membrane can bind to all proteins, including antibodies, it has to be blocked to avoid 

unspecific antibody binding. The blocking step consists of incubation with a solution with 

proteins that would bind to the parts of the membrane free of protein. After blocking, the 

membrane is incubated with a primary antibody specific for the protein of interest. After 

washing to eliminate unspecific binding, the membrane is then incubated with a secondary 

antibody that can recognize the primary one. The secondary antibody can be detected as it is 

conjugated to a peroxidase enzyme called Horseradish Peroxidase (HRP). HRP can oxidize a 

chemiluminescent substrate, producing light that can be detected by a CCD camera, in our 

case, Kodak Image Station 4000R Pro. 

Procedure: 

1. Cut 6 pieces of Whatman filter paper of 0.92mm and one of PVDF membrane (GE 

Healthcare) of the size of the gel. The membrane should be soaked two minutes in 

methanol and then two minutes in plus buffer.  

2. Place the layers for the blotting in the blotting machine in this order from bottom 

(anode) to top (cathode) making sure not to leave bubbles in between 

3. Three pieces of filter soaked in Plus buffer 

4. PVDF membrane  

5. The gel 

6. Three pieces of filter soaked in Minus buffer 

7. Run at 50 V and 140 mA for 1 hour. 

8. Place the membrane in T-BST with 5 % milk to block for 1 hour with constant 

shaking. 
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9. Incubate membrane with the proper primary antibody diluted in T-BST with 5 % milk 

in a plastic bag overnight at 4 °C with shaking. 

10. Remove the antibody solution and wash the membrane with T-BST 3 times for 10 

minutes. 

11. Incubate membrane with secondary antibody diluted in T-BST with 5 % milk with 

shaking at room temperature for 1 hour. 

12. Repeat step 6 

13. Cover the membrane with SuperSignal West Dura Chemiluminescent Substrate from 

Thermo Scientific mixing the two reagents in a ratio 1:1. Incubate for 1 minute with a 

volume than can cover the membrane. 

14. Detect luminescence in the blot using a CCD camera. 

If more than one protein needs to be detected in the membrane, the previous antibody has to 

be removed. This is known as stripping. The stripping was performed with the Restore 

Western Blot Stripping Buffer from Thermo Scientific according to the manufacturers’ 

recommendations. 

 

2.2.3 Mammalian expression system 

Although mammalian expression gives a lower yield than bacterial expression system, it gives 

better folding of proteins, as glycosylation and other PTM can occur. 

Working with mammalian cell cultures requires a cell culture laboratory with a laminar flow 

hood, mechanical pipettes, sterile pipettes, incubator, low speed centrifuges and an inverted 

phase contrast microscope. We only use sterile material and liquids for cell culture work . The 

waste has to be disposed following the biohazard guidelines.  

Three different mammalian cell lines were used for the experiments. The specific cell line 

used was dependent on the type of experiment.  
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The mammalian cell types used for expressing proteins were COS-1, CV-1 and HEK293-C1 

cells.  

CV-1 cells are derived from the kidney of the African green monkey Cercopithecus aethiops. 

They exhibit rapid cell growth. 

COS-1 cells are derived from CV-1 cells. They produce large T antigens that induce 

expression of SV40 promoter. 

HEK293-C1 cells are human embryonic kidney cells. This cell line was developed by Suske 

and co-workers [88]. In this an array of Gal4-responsive elements (5×GRE) is integrated in front 

of a luciferase reporter in the genome of HEK 293 cells. 

 

2.2.3.1 Cell growth 

Cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM) containing a synthetic 

mixture of salts, amino acids and vitamins, supplemented with 10 % fetal bovine serum and 1 

% penicillin/streptomycin, to control bacterial contamination. The cells were grown at 37 °C 

in humid air containing 5 % CO2.  

 

2.2.3.2 Subculturing or passaging 

When the cells grow over 80 % confluent, for them to stay under optimal growth conditions, 

they need to be subcultured. This is to transfer the cells into fresh media in an appropriate cell 

density. As the cell lines used are adherent, they have to first detached from the culture flask 

by using a solution containing trypsin. Trypsin is a serine protease that cleaves proteins 

binding the culture cells to the flask and to each other. The solution contains EDTA, a 

chelating agent that binds Ca
2+

 ions and helps to detach adherent cells. The cells in the 

solution can then be counted and diluted for new seeding. 

Subculturing procedure for cells growing in a T75 flask: 

1. Remove media from the cells. 

2. Wash twice with 5 ml 1xPBS 
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3. Remove PBS from the cells. 

4. Add 2.5 ml trypsin-EDTA. 

5. Incubate for 4 minutes at 37 °C. 

6. Inspect the cells in the microscope. They should be completely detached. 

7. Resuspend in DMEM with at least twice the volume of trypsin. 

8. Count cells. 

9. Dilute until proper amount in DMEM (See table below). 

10. Incubate at 37 °C for 48 or 72 hours depending on the dilution and cell type. 

Number of cells seeded in the different flask and plates used for cell culture: 

T75 flask 10 cm dish 24 well plate 

1x10
6
 in 12 ml 1x10

6
 in 10 ml 3x10

4
 in 0.5 ml per well 

2.2.3.3 Cell count 

For quantification of mammalian cells the Countess Automated Cell Counter from Invitrogen 

was used. The cell suspension was dilutes 1:1 in tryptophan blue staining solution before 

counted. The tryptophan blue staining helps to differentiate live from dead cells. 

2.2.3.4 Transfection 

As well as for transformation in bacteria, transfection consists of introducing DNA into 

eukaryotic cells. Transfection was performed using TransIT®-LT1 Transfection Reagent 

from Mirus.  

Procedure: 

1. Observe cells in the microscope. Confluence should be between 50 % and 80 % before 

transfection. 
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2. Add 1 ml medium for each 10 cm dish transfection, or 50 µl for each well from a 24 

well plate to the proper amount of plasmid and mix by pipetting 

3. Add the TransIT in a ratio of 1:2  DNA(µg)/Transit-LT1(µl) and mix carefully 

4. Leave it for 20 minutes at room temperature. 

5. Pipette the mix carefully over the cell plates (1ml for each plate) and mix by shaking 

gently the plate. 

6. Incubate at 37°C, 5% CO2 for about 24 hours. 

10 cm dish 24 well plate 

5 µg DNA Max 0.6 µg DNA per well 

 

2.2.3.5 Collection of cell lysates for western blotting 

Cell lysates were collected 24 hours after transfection. Cell lysates were also used for GST 

pulldown and luciferase reporter assay, and this will be explained in sections 2.2.4 and 2.2.5. 

For western blot analysis, cells were lysed in SDS loading buffer, containing 10 % DTT. 

Collection of lysate for a 24 well plate experiment: 

1. Inspect the cells in a microscope; confluency should be approximately 80 %. 

2. Remove media and wash twice with 500 µl 1x PBS per well. 

3. Add to each well 100 µl SDS loading buffer containing 10 % fresh DTT. 

4. Incubate for 5 minutes at room temperature with shaking. 

5. Collect solution in a microfuge tube. 

6. Heat the samples for 2 minutes at 95 °C. 

7. Sonicate samples in a sonication bath for 10 cycles of 7 seconds ON and 10 seconds 

OFF. 



METHODS 

32 

 

8. Centrifuge at 3000 rcf for 2 minutes and use for further western blot analysis. 

 

2.2.4 Purification of GST fusion proteins and GST pulldown 

Glutathione S-transferase (GST) is a small enzyme that catalyses the conjugation of bound 

glutathione with high affinity. Its high affinity for glutathione made them useful for 

purification of proteins. For this, a DNA coding sequence is inserted in a GST expressing 

plasmid, giving a GST-fused protein. By using beads coated with glutathione, the GST will 

bind to them, isolating the GST-fused protein of interest from the cell lysate.  

GST-fusion proteins were purified with G beads from GE Healthcare by incubation and wash 

of the non-bound proteins. Purified proteins could be further used for interaction assays or 

eluted for other analysis.   

2.2.4.1 Purification with Glutathione Sepharose beads: 

Before use, the Glutathione Sepharose (GS beads) has to be washed to remove the ethanol 

containing storage buffer 

1. Calculate the amount of GST beads needs for the experiment. Each reaction needs 40 

µl of 1:1 slurry consisting of GS beads and binding buffer. 

2. Transfer 1.33 times the amount of GS beads needed in the experiment from the GS 

beads stock to a 50ml tube. 

3. Add 3 ml ice cold Binding buffer for each 400 µl of GS beads stock used. Invert tube 

a few times. Centrifuge at 500 g for 5 minutes at 4 °C. 

4. Remove the supernatant carefully.  

5. Add 300µl of binding buffer for each 400µl of GS beads stock used.  

6. Proceed with the GST purification or store the slurry at 4 °C. 

Binding of GST fusion protein to GS beads:           

1. In a 1.5 ml microfuge tube mix: 
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i) 500 l binding buffer  

ii) Appropriate amount of GST fusion protein lysate  

iii) 40 l GS beads 1:1 slurry. 

2. Incubate for 1 hour under rotation at 4 °C.  

3. Centrifuge for 1 minute, 3000g at 4 °C. 

4. Remove carefully the supernatant 

5. Wash 3 more times with 500 µl binding buffer following step 3 and 4. Gel loading flat 

tips can be used to soak the buffer to avoid removing the beads. 

6. The purified proteins can be then used for interaction experiments. 

2.2.4.2 GST pulldown interaction experiment: 

For study of protein-protein interactions, the bound GST fused protein is used as bait, while 

as prey a cell lysate from COS-1 cells overexpressing a protein of interest was used. For 

seeding and transfection of COS-1 cells see section 2.2.3.  

Procedure: 

1) Check the confluence of the cells in a microscope. 

2) Remove medium. 

3) Scrape cells in 5 ml PBS. 

4) Repeat step 3 and collect the two volumes. 

5) Centrifuge at 500 g for 5 minutes at 4 °C. 

6) Remove the supernatant and resuspend the pellet in a microfuge tube. 

7) Repeat step 5. 

8) Discard supernatant and resuspend the pellet in 300 µl of Lysis buffer per 1x10
6
 cells 

seeded in the plate. 
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9) Incubate for 30 minutes at 4 °C with constant rotation. 

10) Centrifuge 10 minutes at 4 °C and 16000 rcf. 

11) Transfer 5 % of the supernatant into a microfuge tube marked as 5 % input. 

12) Transfer the rest of the supernatant into a tube containing already bound and washed GST 

proteins to GS beads.  

13) Incubate for 1 hour at 4 °C with constant rotation. 

14) Centrifuge tube for 1 minute, 3000g at 4 °C. 

15) Remove carefully the supernatant. 

16) Wash with 500 µl Binding buffer. 

17) Repeat steps 14, 15 and 16 two more times. 

18) Centrifuge again as before and remove the supernatant. 

19) Add 20 µl SDS loading buffer containing 10 % DTT to the beads. 

20) Heat the samples for 5 minutes at 95 °C before analyzing the result by SDS-PAGE and 

western blotting or store samples at -20 °C. 

 

2.2.5 Luciferase reporter assay 

A reporter assay is a method where a reporter gene is attached to a regulatory sequence of a 

protein of interest. The interaction between the protein of interest and the regulatory sequence 

will enhance the expression of the reporter gene. This interaction can be estimated by 

measuring the reporter protein activity. For this reporter assay luciferase was used as reporter 

gene. The luciferase gene encodes an enzyme that can oxidize the substrate luciferin, resulting 

in production of light (Figure 2.2).  
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Figure 2.2 Bioluminescence reaction catalyzed by luciferase. Luciferase is an enzyme that in presence of O2, 

Mg
2+

 and ATP catalyzes a reaction that produces oxyluciferin and emits light. The figure is reprinted from 

Promega, 2009. 

 

For the experiment the luciferase gene was included in a vector with a regulatory sequence for 

the transcription factor c-Myb. This plasmid, pGL4b-3xMRE(GG)-MYC[31], contains three 

c-Myb responsive elements (MRE) and the human MYC core promoter upstream from the 

luciferase reporter gene.  

Different transfections were performed including the expression vector for c-Myb and 

interaction partners of c-Myb. CV-1 cells were plated in 24 well plates as explained in section 

2.2.3.2 and transfected according to section 2.2.3.4. Collections of the cell lysates were 

carried out as follows; 

Procedure: 

1) Remove media from the wells. 

2) Wash with 1x PBS. 

3) Add 100 µl of Passive Lysis Buffer 1x from Promega to each well and incubate with 

shaking for 15 minutes. 

4) Transfer the lysates into microfuge tubes and centrifuge them 2 minutes at 16000 rcf. 

5) 20 µl of each tube are transferred into each well of an OptiPlate-96 from PerkinElmer. 

6) The samples are measured using Victor
2TM

 from PerkinElmer with Luciferase Assay 

Substrates from Promega, following instrument’s protocol for luminescence 

measurements. 

 

2.2.6 Luciferase reporter assay in HEK293-C1 
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In this reporter assay the reporter gene is stable integrated in the genome of HEK293 cells. A 

tandem sequence containing three Gal4-responsive elements are located upstream of the 

luciferase gene. To be able to bind to the Gal4-reponsive element, the effector protein has to 

be expressed as a GAL4 fusion protein. GAL4 can bind the Gal4-responsive element located 

in the chromatin, allowing transcription of the reporter gene. This provides a good 

measurement of the transcriptional and functional effect of possible interaction partners in a 

chromatinized system.  

HEK293-C1 cells were plated in 24 well plates as explained in section 2.2.3.2 and transfected 

according to section 2.2.3.4. Collection of the cell lysate was carried out as described in 

section 2.2.5. 
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3 Results 

This project has two main objectives. The first is to study the interaction between CHD3 and 

different SUMO isoforms. The second is to investigate a novel interaction between CHD3 and 

SENP1 discovered in the laboratory. The results are divided into three sections: part one will 

describe the development of the DNA constructs needed and the protein expression used for 

the interaction studies. The second part will present the experiments studying the CHD3 and 

SUMO isoforms interactions and a possible function of this interaction. The third part will 

present the experiments exploring the CHD3 and SENP1 interaction, as well as a functional 

study of it in relation to transcription.  

 

3.1 Plasmids and recombinant proteins used in the 

study 

To be able to investigate the interaction between the proteins of interest in detail, several 

constructs had to be made. All the biochemical interactions between the proteins of interest 

were mapped by GST pulldown (see Methods section 2.2.4.2). For this, SENP1 cDNA was 

subcloned into a bacterial expression vector encoding an N-terminal GST-tag. For expression 

in mammalian cells both SENP1 and CHD3 cDNAs were subcloned into a vector encoding an 

N-terminal 3xFLAG-tag sequence. Some of the plasmids and proteins were already available 

in the laboratory and will not be described in this section (For cloning strategies and primer 

sequences see Appendix 4).  

 

3.1.1 Subcloning of CHD3 cDNA for expression in mammalian cells 

New constructs were made to express wild type CHD3 for interaction studies with the 

different SUMO isoforms and with SENP1. Truncated versions of the chromatin remodeler 

were expressed from constructs generated by inserting their cDNA sequence into the 

mammalian expression vector pClneoB-3xFLAG, containing a triple FLAG-tag encoding 

sequence upstream the cloning sites (Figure 3.3). To investigate the C-terminal SIM of 

CHD3 described by Goodarzi et al. [7], a mutation in the motif was made by replacing the 
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sequence encoding hydrophobic residues with one encoding Ala residues. In this way, the C-

terminal amino acid sequence of CHD3 is changed from VICI to AACA. 

 

 

Figure 3.3 Schematic representation of the CHD3 proteins expressed in mammalian cells. One mutant and 

five truncated versions of CHD3 were expressed after subcloning of the corresponding cDNAs into the 

pCIneoB-3xFLAG vector. The constructs designated “CHD3 full length”, “CHD3 K767A full length”, “CHD3 

NTD” and “CHD3 CTD” were already available in the laboratory. At the right side is shown the size of the 

encoded proteins in kDa.  

Some of the constructs were already available in the laboratory (Figure 3.3). The remaining 

constructs were generated by amplifying selected fragments of CHD3 cDNA by PCR. The 

PCR products were then purified and digested with specific restriction enzymes (For cloning 

strategies and primer sequences see Appendix 4). The vector, pCIneoB-3x-FLAG, was cut 

with the same restriction enzymes and purified. The primers were designed to insert the 

sequence in frame with the FLAG tag. Finally, the fragments of interest and the vector were 

ligated together. Mutation of the reported C-terminal SIM domain in CHD3 was also made by 

PCR using a primer that annealed partially to the CHD3 sequence introducing the desired 

changes. All plasmids were verified by restriction analysis and validated by DNA sequencing. 
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3.1.2 Subcloning of SENP1 cDNA for expression in mammalian an 

bacterial cells 

SENP1 constructs were made to express SENP1 for interaction studies in bacterial and in 

mammalian cells (Figure 3.4). For expressions in bacteria, SENP1 constructs inserting its 

cDNA or a coding sequence for either the C or N-terminal fragment were inserted into the 

pGEX-6P-2 containing a GST encoding sequence upstream the cloning sites. For expression 

in mammalian cells a cDNA encoding SENP1 or SENP1 protease mutant (C603S) was 

inserted into the previously described vector pCIneoB-3x-FLAG which encodes a triple 

FLAG-tag sequence upstream the cloning site. 

 

Figure 3.4 Schematic representation of the used SENP1 proteins expressed in bacterial or mammalian 

cells. One wild type and three truncated versions of SENP1 were expressed after cloning of the corresponding 

cDNA into the pGEX-6P-2 vector. A wild type and a mutant version of SENP1 were expressed from their cDNA 

cloned into pClneoB-3xFLAG. At the right side it is shown the size of the constructs in kDa. 

The full length constructs were made by restriction cutting of the cDNA sequence from the 

vector pBluescript-SENP1 or pBluescript-SENP1-C603S into the appropriate expression 

vector, pClneoB-3xFLAG and pGEX-6P-2. The truncated constructs were generated by 

amplifying the selected sequence from the cDNA by PCR. The PCR products were then 

purified and digested with specific restriction enzymes. The vector, pGEX-6P-2, was cut with 
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the same restriction enzymes and purified. The primers were designed to insert the sequences 

in frame with the GST tag. Finally, the sequences of interested and the vector were ligated 

together. (For cloning strategies and primer sequences see Appendix 4). All plasmids were 

verified by restriction analysis and validated by DNA sequencing. 

 

3.1.3 Subcloning of CHD4 cDNA for expression in mammalian cells 

A construct was generated for expression of CHD4 for interaction studies. The cDNA 

sequence was acquired from SourceBiosciences into a pCMV-Sport6 vector and subcloned 

into the mammalian expression vector pClneoB-3xFLAG, containing a triple FLAG-tag 

encoding sequence upstream the cloning site (Figure 3.5).  

 

Figure 3.5 Schematic representation of the CHD4 protein expressed in mammalian cells. The wild type 

version of CHD4 full length was expressed after cloning of the corresponding cDNA into the pClneoB-3xFLAG 

vector. At the right side it is shown the size of the construct in kDa. 

The full length construct of CHD4 was generated by PCR amplification of the cDNA 

sequence followed by digestion with restriction enzymes. The vector pClneoB-3xFLAG was 

also digested by restriction enzymes and purified. The primers were designed to insert the 

sequence in frame with the triple FLAG tag. Finally, the sequences of interested and vector 

were ligated together. (For cloning strategies and primer sequences see Appendix 4). All 

plasmids were verified by restriction analysis and validated by DNA sequencing. 

 

3.1.4 Protein expression of CHD3 variants in mammalian cells 

To determine the expression level obtained with the different CHD3 constructs in mammalian 

cells, COS-1 cells were transiently transfected with each of the plasmids and lysates of the 

transfected cells were prepared after 24 hours. Results in the form of a Western blot, are 

shown in Figure 3.6. 



RESULTS 

41 

 

 

Figure 3.6 Expression from all the FLAG tagged CHD3 constructs. COS-1 cells were transiently transfected 

with equal amounts of plasmid encoding the indicated variant of CHD3. 24 hours after transfection, the cells 

were lysed in SDS-loading buffer, separated on a SDS-PA-gel, transferred to a PVDF membrane and revealed by 

specific antibodies. (A) shows the detection by the anti-FLAG antibody of the FLAG tagged CHD3 variants, 

marked with a *. (B) shows the protein levels for GAPDH revealed by an anti-GAPDH antibody, as a loading 

control.  

In Figure 3.6 we can see the protein expression obtained with the different CHD3 constructs by 

detection of the triple FLAG tag. We can see that the amount of protein obtained for each are 

not the same, illustrating large differences in expression levels. The better expressed 

constructs are CHD3-PHD-Chromo and CHD3-DUF. Although the loading control for 

CHD3-PHD-Chromo shows more cell lysate loaded for that sample, the over-expressed 

protein is still significantly more expressed than for the other CHD3 constructs. The sample 

that presented the lowest expression was CHD3-NTD. See the Discussion section for a 

possible explanation for this observation. 

 

3.1.5 Protein expression of GST-fused SENP1 in E. coli 

To determine the level of expression of the constructs encoding GST-fused SENP1, a test of 

expression was made in E. coli BL21(DE3)pLysS. Expression was induced by IPTG and the 

cells were cultured for 16 hours at 16 °C, as we had found that SENP1 proteins containing the 

N-terminal were only detected after expression at low temperature. After incubation the cells 
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were harvested and lysed as described in section 2.2.1.1. Afterwards appropriate amounts of 

the lysates were purified with GS beads and separated by SDS-PAGE. The proteins were 

transferred to a PVDF membrane for Coomassie Brilliant Blue staining for better 

visualization (Figure 3.7). 

 

Figure 3.7 GST-fused proteins blotted onto a PVDF membrane stained with Coomassie Brilliant Blue. 

Lysates from BLS21(DE3)pLysS were purified with GS beads as described in section 2.2.4.1. Samples were 

separated in an SDS-PA-gel and then were transferred to a PVDF membrane. The lysate amounts were; GST 10 

µl, GST-SENP1 200 µl, GST-SENP1[1-296] 200 µl, GST-SENP1[297-644] 20 µl and GST-SENP1-C603S[297-

644] 20 µl (marked with *). The membrane was stained with Coomassie Brilliant Blue. 

 In Figure 3.7 the GST-fused protein expression after purification in GS beads. The bands 

corresponding to the different proteins are marked with a *. It can be seen the amounts of 

purified proteins are not equal for the different SENP1 versions. The GST, GST-SENP1 [297-

644] and GST-SENP1 C603S[297-644] gave a much yield of purified protein than GST-

SENP1 and GST-SENP1[1-296]. See the Discussion section for a possible explanation for 

this observation. 
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3.2 Study of the interaction between CHD3 and the 

different SUMO isoforms 

As described in the Introduction, several lines of evidence have pointed to a link between 

CHD3 and SUMO isoforms. Evidence for a direct interaction was reported by Goodarzi et 

al.[7], who showed that CHD3 is able to bind to SUMO1. We wanted to investigate in more 

detail how SUMO1 binds to CHD3 and if SUMO2 also was able to bind to the chromatin 

remodeler. This included mapping of the interaction domains responsible. Furthermore, it was 

tested if the SUMO interaction was conserved in other CHD family members. 

To analyze the interaction between CHD3 and SUMO, GST pulldown assays were performed 

using recombinant GST-fused SUMO isoforms as bait and different CHD3 variants expressed 

in lysates from transfected COS-1 cells as prey. The pGEX-SUMO constructs used were 

expressing GST-fusions of SUMO1, SUMO2, 3xSUMO1, containing three SUMO1 

sequences in tandem, and a SUMO1 mutant unable to bind to SIM domains (SUMO1-3KA). 

In the SUMO1-3KA mutant the residues K37, K39, K46 and R54 are mutated to Ala, 

abolishing the interaction to SIM domains [89]. 

 

3.2.1 CHD3 binds to both SUMO1 and SUMO2  

First we decided to confirm the interaction between CHD3 and SUMO1 and to investigate if 

this interaction also applied to SUMO2. For this a GST pulldown assay was performed using 

recombinant GST-SUMO1, GST-SUMO2, GST-3xSUMO1 and GST-SUMO1-3KA. A 

sample with the GST protein alone was used as a control. The purified fusion proteins were 

incubated with a lysate from COS-1 cells transiently transfected with pClneoB-3xFLAG-

CHD3. (Figure 3.8)  
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Figure 3.8 Interaction study of full length CHD3 and SUMO variants using GST pulldown. COS-1 cells 

were cultured in 10 cm dishes and transiently transfected with 5 µg of pClneoB-3xFLAG-CHD3 each as 

described in section 2.2.3.4. 24 hours after transfection the cells were lysed in Lysis buffer following the 

protocol described in section 2.2.4.3. The GST-proteins were purified on GS beads as described in section 

2.2.4.1 by loading the following amounts; GST 10 µl, GST-SUMO1 10 µl, GST-SUMO2 20 µl, GST-3xSUMO1 

20 µl, GST-SUMO1 3KA 40 µl (marked with *). The mammalian cell lysate was incubated for 1 hour with the 

GST-purified proteins. The samples were analyzed by western blotting using an antibody against the FLAG tag, 

raised in mouse (A). The membrane was stained by Coomassie Brilliant Blue (B). 

In the first lane in Figure 3.8 panel A, the 5 % input sample of the cell lysate shows that full 

length CHD3 is properly expressed in COS-1 cells. In the control lane with GST protein only, 

no CHD3 was retained after the washes, indicating that CHD3 does not bind GST alone. 

Interestingly, CHD3 was retained in the assay with SUMO1, SUMO2 and 3xSUMO1. The 

mutant of SUMO1 with abolished interaction with SIM domains, SUMO1-3KA, showed no 

CHD3 retention. A stronger band in the lane where GST-3xSUMO1 is present indicates that 

more CHD3 was retained compared to GST-SUMO1 and GST-SUMO2. Furthermore, GST-

SUMO2 seems to have a higher affinity to CHD3 than GST-SUMO1 does. 

For the results of the different SUMO variants to be compared, the concentrations of GST-

fused proteins have to be taken into account. In Figure 3.8 panel B the retained amounts of 

the GST-fused proteins by the GS beads is shown. The concentration of GST alone is 

comparable to those of GST-SUMO1, GST-SUMO2 and GST-3xSUMO1. The retained 

amount of SUMO1-3KA is slightly lower than for the other GST fused proteins and GST 

alone. This reduction is however much less than the variation in the signals in panel A. When 
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it is taken into account that the GST-proteins here are in large excess, we conclude that the 

loss of SUMO-binding observed must be due to the mutation and not to the lower level of 

GST-SUMO1-3KA. We conclude that there is an interaction between CHD3 and SUMO1, 

SUMO2 and 3xSUMO1. Furthermore, it seems that CHD3 binds stronger to a SUMO1 chain 

compared to single molecule of SUMO1. 

As reported [7], we find that CHD3 will bind to SUMO1. Interestingly, we observe that 

SUMO2 is bound equally well (or better). This binding has not previously been described. 

There are two possibilities explaining this. Either the C-terminal SIM domain reported to 

interact with SUMO1, can also bind to SUMO2. Alternatively, CHD3 may contain other 

regions interacting with SUMO2. 

 

3.2.2 The interaction of CHD3 with SUMO2 is not caused by the C-

terminal SIM domain only 

In the report by Goodarzi et al. [7], the proposed C-terminal SIM domain of CHD3 was 

confirmed by studying the interaction between SUMO1 and a truncated version of CHD3 

generated with a stop codon introduced after Pro1966 [7]. This disrupted the binding between 

the two proteins. We decided to rather use mutation strategy. To further investigate if the 

affinity of CHD3 for SUMO1 and SUMO2 are both caused by the same described SIM 

domain in CHD3, this motif was mutated by swapping three of the hydrophobic residues into 

Ala, thus changing the amino acid residues in positions 1994-1997 from VICI to AACA. With 

this mutant, no interaction is expected between CHD3 and SUMO1. To assay this we 

performed a GST pulldown using lysates from COS-cells transfected with 3xFLAG-CHD3-

SIM1994-AACA and the same GST-fused proteins used in Figure 3.8.  
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Figure 3.9 Interaction study of full length CHD3-SIM-1994AACA mutant and SUMO variants using GST 

pulldown. COS-1 cells were cultured in 10 cm dishes and transiently transfected with 5 µg of pClneoB-

3xFLAG-CHD3-SIM1994-AACA as described in section 2.2.3.4. 24 hours after transfection the cells were lysed 

in Lysis buffer following the protocol described in section 2.2.4.3. The GST-proteins were purified on GS beads 

as described in section 2.2.4.1 by loading the following amounts; GST 10 µl, GST-SUMO1 10 µl, GST-SUMO2 

20 µl, GST-3xSUMO1 20 µl, GST-SUMO1 3KA 40 µl (marked with *). The mammalian cell lysate was 

incubated for 1 hour with the GST-purified proteins.  The samples were analyzed by western blotting using an 

antibody against the FLAG tag raised in mouse (A). The membrane was stained by Coomassie Brilliant Blue 

(B). 

In Figure 3.9 panel A, we show the GST pulldown assay between the GST-SUMO proteins 

and CHD3-SIM-1994-AACA mutant. In lane 1 we can see the 5 % input lane showing that 

The CHD3 SIM mutant is correctly expressed in COS-1 cells. No CHD3-SIM-1994-AACA 

was retained by GST alone. The CHD3 SIM mutant is present in the lane with GST-SUMO2, 

indicating that the interaction with SUMO2 is preserved. On the other hand, for both GST-

SUMO1 and GST-3xSUMO1 no retention of CHD3 mutant is observed. Neither was any 

retention observed with the GST-SUMO1 3KA, giving the same result as for CHD3 wt. 

In Figure 3.9 panel B we can see the amount of GST-fused proteins retained. The 

concentration of GST alone is comparable to those of GST-SUMO1, GST-SUMO2 and GST-

3xSUMO1, and slightly higher than that of GST-SUMO1 3KA.  
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The pull down experiment with the CHD3-SIM-1994-AACA mutant shows an abolition of 

the interaction between CHD3 and SUMO1. This is fully consistent with the results by 

Goodarzi et al. [7], suggesting that the CHD3 binding to SUMO1 maps to the described SIM 

domain, and that this SIM therefore is responsible for the affinity of CHD3 for SUMO1. 

However, the interaction of the CHD3-SIM-1994-AACA mutant with SUMO2 was not lost. 

This strongly suggests the presence of another SIM domain in CHD3, specific for SUMO2.  

 

3.2.3 Mapping of the interaction between CHD3 and different SUMO 

isoforms 

According to results above, one or several SIM domains specific for SUMO2 should be 

present in CHD3 in addition to the C-terminal SIM domain. To address this, subdomains of 

CHD3 were generated and tested for binding to GST-SUMO proteins in a GST pulldown 

assay. As the GST-fused SUMO1 3KA did not interact with CHD3 in the previous 

experiments, it was left out in subsequent assays. 

 

Figure 3.10 Interaction study of the subdomains of CHD3 and SUMO variants using GST pulldown. COS-

1 cells were cultured in separate 10 cm dishes and transiently transfected as described in section 2.2.3.4 with six 

plasmids expressing the subdomains of CHD3: pClneoB-3xFLAG-NTD, pClneoB-3xFLAG-PHD-Chromo, 

pClneoB-3xFLAG-Helica A, pClneoB-3xFLAG-Helica B, pClneoB-3xFLAG-DUF and pClneoB-3xFLAG-

CTD. 24 hours after transfection the cells were lysed in Lysis buffer following protocol described in section 

2.2.4.3. The GST-proteins were purified on GS beads as described in section 2.2.4.1 by loading the following 

amounts; GST 10 µl, GST-SUMO1 10 µl, GST-SUMO2 20 µl, GST-3xSUMO1 20 µl. The mammalian cell 

lysate was incubated for 1 hour with the GST-purified proteins. The samples were analyzed by western blotting 

using an antibody against the FLAG tag, raised in mouse. For full figures, see Appendix 5 Figure A5.22. 
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In Figure 3.10 we show the results of the western blot detection of the six CHD3 subdomains, 

covering the whole protein. All the fragments were correctly expressed in COS-1 cells, as 

judged from the 5 % input lane. None of the GST controls showed retention of the CHD3 

proteins, indicating that none of them interacted with GST alone. The concentrations of the 

GST-fused proteins were equivalent between the different SUMO constructs and also in 

between the different GST pulldown experiments, making the retention results comparable 

(Appendix 5 Figure A5.22). 

As expected, the CTD fragment containing the described SIM domain was retained by GST-

SUMO1 as well as by GST-SUMO2 and GST-3xSUMO1. Interestingly, this domain showed 

no preferential binding for any of the three GST-fused SUMOs. Furthermore, two of the 

CHD3 domains, NTD and Helica A, were retained by GST-SUMO2 and not by the SUMO1 

constructs. We conclude that CHD3 contains at least two SIMs with high preference for 

SUMO2, located in the NTD region (amino acid 1-324) and in the Helicase region A (amino 

acid 709-1217) respectively.  

 

3.2.4 CHD3 does not enhance the activity of c-Myb by a SUMO1-

dependent recruitment mechanism.  

To better understand the interaction between CHD3 and SUMO1, we decided to test its 

function in a transcriptional context. As explained in the Introduction, our laboratory has 

previously reported that CHD3 is an interaction partner of the TF c-Myb[22] affecting the 

function of c-Myb by enhancing its activity, in a helicase independent manner. We also know 

from previous studies that c-Myb can undergo SUMOylation at two Lys in the CRD 

domain[33]. Therefore, we asked whether an interaction between the CHD3 SIM domain and 

the SUMOylated c-Myb might be part of the activation mechanism. Although the main 

interaction was previously mapped to the DNA-binding domain of c-Myb and no binding 

could be observed between the CRD and CHD3[22], the study used GST-c-Myb fragments 

expressed in E. coli in the analysis. And since SUMO is not present in bacteria, the CRD of c-

Myb was not SUMO-modified. Hence, we could not exclude a SUMO-dependent binding.  

With the SIM-mutant of CHD3 in hand, we decided to study the influence of the C-terminal 

SIM domain in CHD3 on the activity of c-Myb. This would give indirect evidence on whether 
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the interaction between CHD3 and c-Myb was SUMO-dependent or not. Hence, we 

performed a reporter assay in CV-1 cells with a c-Myb responsive reporter plasmid. The 

major co-activator p300 was included as it increases the activity of c-Myb.  

 

Figure 3.11 Luciferase reporter assay testing the activation c-Myb by CHD3 and two mutants. CV-1 cells 

were transfected with 0.2 µg of c-Myb responsive element reporter plasmid pGL4b-3xMRE(GG)-MYC, 

plasmids encoding full length c-Myb and p300, pClneo-hcM-HA and pCMV8-p300-myc respectively (0.2 µg 

each). This was tested with co-transfection of 0.2 µg of plasmids encoding for CHD3, CHD3 K767A or CHD3 

SIM-1994 mutant. A control of luciferase background expression was tested by transfection with the empty 

vector used for CHD3. This is the result of three separate experiments, each analyzed in triplicate. The data are 

normalized and they are presented as relative luciferase units (RLU) ± standard error of the mean (SEM), with 

n=9. 

As expected, co-transfection of CHD3 with c-Myb, and with c-Myb and p300 shows a small 

but significant increase in activity compared to c-Myb alone in the reporter assay (Figure 

3.11). Moreover, the co-transfection using the helicase dead mutant version of CHD3 together 

with c-Myb and p300 showed a higher activity compared to the wild type. Interestingly, when 

CHD3-SIM-1994-AACA mutant was transfected with c-Myb it presented an increase in 

activity higher than the one seen for CHD3 wild type and c-Myb. However, the presence of 

p300, CHD3-SIM-1994-AACA and c-Myb showed no enhancement compared to when only 

p300 and c-Myb were transfected. We conclude that in the interaction of CHD3 with c-Myb 

and p300 the presence of the SIM domain has an influence for the activation of c-Myb. 

As we also know, not only SUMO1 can modify the transcription factor c-Myb. It has been 

described the modification by SUMO2/3 in response to stress[34]. Because of that, we could 

not exclude that SUMO2 still played a role in modulating the c-Myb-CHD3 functional 
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interaction. Before addressing that, a further study of the SIM for SUMO2 in CHD3 had to be 

conducted.  

 

3.2.5 Putative SUMO2 binding motifs in CHD3 

As Figure 3.9 shows, the CHD3-SUMO2 interaction is not dependent on the C-terminal SIM 

domain of CHD3, suggesting the presence of another SIM domain, specific for SUMO2, 

elsewhere in CHD3. We narrowed down the possible SUMO interaction motif or motifs to the 

N-terminal region between amino acid residue 1 and 324 and to the helicase domain between 

amino acid residues 709 and 1217. As the SIM domains have a defined consensus motif [56], 

a search for them can be performed in silico. For this we used “The Eukaryotic Linear Motif 

resource for Functional Sites in Proteins” http://elm.eu.org/. The software can search for both 

direct and inverse SUMO interaction motifs. The results are given with a score reflecting the 

accuracy between the prediction and the consensus. Here we only include the high score 

putative motifs (Table 3.1). 

 

 Direct Inverse 

Site 
138-

141 

983-

987 

1995-

2000 
5-9 36-41 

137-

140 

980-

984 

1017-

1021 

1994-

1998 

Motif LLLT IVRVE VICIDD DTVIL DDIRLL TLLL TELIV SLLNI EVICI 

Table 3.1 Predicted SUMO interaction motifs in CHD3. The table shows the high score prediction for the 

direct and inverse SIM domains. The software used was from http://elm.eu.org/.  

Table 3.1 sows the predicted SIM domains in CHD3. The already described SIM domain [7] 

was also identified by the software, both as a direct and inverse motif and with a high 

score(amino acid 1995-2000). The other seven high score predictions are included in the two 

fragments that interacted with SUMO2. This predictions show that both regions we identified 

as being SUMO2-binding, in fact contain good candidates for SUMO-binding motifs. Within 

the limited time frame of this thesis, we were not able to generate mutants of these SIMs, 

which would have been necessary to confirm their importance and to generate a CHD3 

variant without any SUMO-affinity.  

http://elm.eu.org/
http://elm.eu.org/
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CHD3 belongs to a family of chromatin remodelers. Its closest relative, CHD4, shares 

approximately 68 % identity with it. We hypothesized that the SUMO binding properties 

would be conserved between the members of the chromatin remodeler family. As a first 

approach to evaluate this, we compared the two by aligning the protein sequence for CHD3 

and CHD4 (Figure 3.12).  

 

Figure 3.12 Alignment of CHD3 and CHD4. Alignment was carried out with JalView Desktop 

(www.jalview.org) using Muscle alignment algorithm with default settings. Blue colored regions represent 

identical amino acids, red colored regions represent the predicted SIM domains and non-colored parts are non-

identical amino acids.  

The alignment shows that the two sequences have a higher similarity in the middle part of the 

protein, where the ATPase or helicase activity is present (Figure 3.12). The N-terminus is not 

highly conserved between the two chromatin remodelers. Interestingly, the C-termini of the 

two proteins have a lower similarity, and the described SIM domain of CHD3 is not present in 

CHD4.  

Considering that the SIM domain that binds to SUMO1 is not conserved from CHD3 to 

CHD4, a binding between this SUMO isoform and CHD4 is not expected, if not a SUMO1-

binding sites appears in a divergent region. On the other hand, considering the highly 
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conserved middle region, where SUMO2 has affinity, an interaction with SUMO2 might 

occur. To evaluate this further, we used The Eukaryotic Linear Motif resource for Functional 

Sites in Proteins http://elm.eu.org/ to identify possible SIM domains in CHD4, as we did for 

CHD3 (Table 3.2). 

 Direct Inverse 

Site 234-239 973-977 1607-1610 1655-1659 980-984 1017-1021 

Motif VAVVES IVRVE VVVE IVVED TELIV SLLNI 

Table 3.2  Predicted SUMO interaction motifs in CHD4. The table shows the high score prediction for the 

direct and inverse SIM domains. The software used was from http://elm.eu.org/.  

In Table 3.2 we can see the high score result of the bioinformatics search for SIMs in CHD4. 

If we compare them to those found in CHD3 (Table 3.1), we see that one direct and two 

inverse motifs are conserved between the two proteins. All these motifs are located in the 

middle part of the protein, where the best aligned region was (Figure 3.12), and also were the 

binding to SUMO2 was observed for CHD3.  

 

3.2.6 CHD4 can also bind to SUMO2. 

To investigate if CHD4 is also capable of binding to SUMO, a GST pulldown assay similar to 

the one for CHD3 (Figure 3.8) was made using 3xFLAG-CHD4 expressed in COS-1 cells 

and GST-fused SUMO proteins.  

http://elm.eu.org/
http://elm.eu.org/
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Figure 3.13 Interaction study of full length CHD4 and SUMO variants using GST pulldown. COS-1 cells 

were cultured in 10 cm dishes and transiently transfected with 5 µg of pClneoB-3xFLAG-CHD4 as described in 

section 2.2.3.4. 24 hours after transfection the cells were lysed in Lysis buffer following the protocol described 

in section 2.2.4.3. The GST-proteins were purified on GS beads as described in section 2.2.4.1 by loading the 

following amounts; GST 10 µl, GST-SUMO1 10 µl, GST-SUMO2 20 µl, GST-3xSUMO1 20 µl, GST-SUMO1 

3KA 40 µl (marked with *). The mammalian cell lysate was incubated for 1 hour with the GST-purified proteins. 

The samples were analyzed by western blotting using an antibody against the FLAG tag, raised in mouse (A). 

The membrane was stained by Coomassie Brilliant Blue staining (B). 

Figure 3.13 shows the interaction between CHD4 and the SUMO isoforms. CHD4 was well 

expressed in COS-1 cells, as judged from the 5 % input lane. The GST control did not retain 

the CHD4 protein, suggesting no background interaction between GST and CHD4. As 

expected, due to the lack of C-terminal SIM domain in CHD4, no binding was detected to 

SUMO1 or 3xSUMO1, as well as no binding for SUMO1-3KA. However, a clear interaction 

could be detected between CHD4 and SUMO2. This shows that CHD4 is able to bind to 

SUMO2.  

To investigate where SUMO2 binds to the CHD4 further mutation analysis should be 

generated, starting with the sites with higher score, conserved in both proteins, which are the 

sequence IVRVE, TELIV and SLLNI, at similar position in both remodelers (Table 3.1 and 

Table 3.2).  
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3.3 Study of the interaction between CHD3 and 

SENP1 

 

The starting point of these studies was the finding of a putative interaction between CHD3 

and SENP1 observed in a yeast two-hybrid screening of a human thymus cDNA library, using 

a catalytic dead mutant of SENP1 C603S as bait (L.M. Moen, unpublished results). The 

screening could not be carried out with SENP1 wild type due to the toxicity of the SUMO-

protease for the yeast. In this project, we decided to try to confirm the possible interaction 

between SENP1 and CHD3, and to map the regions responsible for the binding and finally to 

analyze its functional role.  

 

3.3.1 Validation and mapping of SENP1 - CHD3 interaction 

As a first approach to confirm the interaction between SENP1 and CHD3, a GST pulldown 

assay was performed. For this, CHD3 was expressed in COS-1 cells with a FLAG tag, while 

the SENP1 was expressed with a GST tag in bacteria. In the analysis we also included for 

mapping purposes three GST constructs expressing different subdomains of SENP1: SENP1 

[1-296], SENP1 [297-644] and SENP1 [297-644] C603S.  
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Figure 3.14 Interaction study of full length CHD3 and SENP1 versions. COS-1 cells were cultured in 10 cm 

dishes and transiently transfected with 5 µg of pClneoB-3xFLAG-CHD3 as described in section 2.2.3.4. 24 

hours after transfection the cells were lysed in Lysis buffer following the protocol described in section 2.2.4.3. 

The GST-proteins were purified on GS beads as described in section 2.2.4.1 by loading the following amounts; 

GST 10 µl, GST-SENP1 200 µl, GST-SENP1[1-296] 200 µl, GST-SENP1[297-644] 20 µl and GST-SENP1-

C603S[297-644] 20 µl (marked with *). The mammalian cell lysate was incubated for 1 hour with the GST-

purified proteins. The samples were analyzed by western blotting using an antibody against the FLAG tag, 

developed in mouse (A). The membrane was stained by Coomassie Brilliant Blue staining (B). 

The result of the interaction assay is shown in Figure 3.14. From panel A we can see that 

CHD3 is correctly expressed in COS-1 cells as judged from the 5 % input lane. A good 

retention of CHD3 was observed for all the SENP1 variants that included amino acids from 

297 to 644. The one containing only the first half of the protein, from amino acid 1 to 296, did 

not retain the chromatin remodeler. CHD3 showed no interaction with the GST protein alone, 

confirming that the affinity for the GST-fused proteins was not due to the GST tag. 

Figure 3.14 B shows the concentration of GST proteins. GST SENP1 full length and SENP1 

[1-296] were expressed in E. coli having a low expression compared to the other two SENP1 

proteins. Despite the concentration being low, a good retention of CHD3 could be seen for 

SENP1 full length. As mentioned before, these types of experiments are performed with the 

recombinant GST-proteins in excess. 
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We conclude that CHD3 is binding to both SENP1 and the SENP1 C603S mutant and the 

region in SENP1 responsible for the binding locates between amino acid residues 297 and 644 

in SENP1.  

 

3.3.2 Mapping of the SENP1-interacting domains in CHD3 

To map the interacting regions of CHD3 and SENP1 in more detail, the subdomains of CHD3 

were used. The six domains of CHD3 were assayed in a GST pulldown experiment. As baits 

only the fragments expressing the last half of the SENP1 protein were used, for both the wild 

type and the C603S mutant. The CHD3 subdomains were expressed in COS-1 cells. 

 

Figure 3.15 Interaction study of the subdomains of CHD3 and SENP1 versions using GST pulldown. COS-

1 cells were cultured in different 10 cm dishes and transiently transfected as described in section 2.2.3.4 with six 

plasmids expressing the subdomains of CHD3: pClneoB-3xFLAG-NTD, pClneoB-3xFLAG-PHD-Chromo, 

pClneoB-3xFLAG-Helica A, pClneoB-3xFLAG-Helica B, pClneoB-3xFLAG-DUF and pClneoB-3xFLAG-

CTD. 24 hours after transfection the cells were lysed in Lysis buffer following protocol described in section 

2.2.4.3. The GST-proteins were purified on GS beads as described in section 2.2.4.1 by loading the following 

amounts; GST 10 µl, GST-SENP1 200 µl, GST-SENP1[1-296] 200 µl, GST-SENP1[297-644] 20 µl and GST-

SENP1-C603S[297-644] 20 µl. The mammalian cell lysate was incubated for 1 hour with the GST-purified 

proteins. The samples were analyzed by western blotting using an antibody against the FLAG tag, raised in 

mouse. For full figures, see Appendix 5 Figure A5.23. 

Figure 3.16shows that SENP1 do interact with the N-terminal part of CHD3 (amino acid 1 – 

708), and with the C-terminal part, from amino acid 1655 until the end. All the CHD3 
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subdomains were correctly expressed in COS-1 cells, and had no significant affinity for the 

GST control. The interaction was for all constructs better for SENP1 C603S mutant than for 

SENP1 wt. This could be due to the loading of the GST-fused proteins, where the mutant has 

a slightly higher concentration than the wild type (Appendix 5 Figure A5.23). However, the 

difference in retention seen for CHD3-CTD is significantly higher than the difference in 

concentration between the WT and mutant, suggesting that this fragment interacts better with 

the protease dead mutant version of SENP1. See the Discussion section for a possible 

explanation for this observation. 

We conclude that there are two SENP1-binding regions in CHD3 and these are located both 

in the N-terminal and the C-terminal domains.  

 

3.3.3 SENP1 enhances the activity of the transcription factor c-Myb, 

in a CHD3-dependent manner. 

To better understand the interaction between CHD3 and SENP1, we decided to test its 

function in a transcriptional context. The activity of c-Myb is known to be increased when 

deSUMOylated by SENP1 [90], and we had already tested the influence of the SIM domain 

of CHD3 in the activity of the transcription factor c-Myb (Figure 3.11). Given that CHD3 

binds to both c-Myb and SENP1, it might facilitate recruitment of SENP1 to c-Myb. 

Consequently, the activity of c-Myb could be more efficiently enhanced by SENP1 in the 

presence of the chromatin remodeler CHD3, than in its absence. To address this question we 

used a chromatinized effector-reporter assay [88]. HEK293-C1 cells (see Methods section 

2.2.6) were transfected with a plasmid pClneoB-GBD2-hcM-HA encoding a Gal4-DNA-

binding domain fused to c-Myb full length and various combinations of pClneoB-3xFLAG-

CHD3 and pClneoB-3xFLAG-hSENP1. Lysates were collected after 24 hours and measured 

for luciferase activity. The data was normalized and they are presented as RLU, ± SEM. 
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Figure 3.16 Activity of c-Myb wild type when co-transfected with CHD3 and different concentrations of  

SENP1 wild type and mutant. (A) HEK293-C1 were transiently transfected with 0.2 µg of pClneoB-GBD2-

hcM-HA expressing the GAL4 DNA-binding domain fused to c-Myb. pClneoB-3xFLAG-SENP1 wild type and 

pClneoB-3xFLAG-SENP1-C603S mutant constructs were transfected in four different amounts, 0.025 µg, 0.05 

µg, 0.1 µg and 0.2 µg with or without co-transfection of pClneoB-3xFLAG-CHD3 (0.2 µg). The transfection and 

treatment of the lysate was carried out as explained in section 2.2.6. The result is presented in RLU ± SEM. (B) 

Representation of the data seen in (A) for SENP1 wild type. In the x-axis are shown the RLU are in the y-axis, 

the SENP1 concentration in relative numbers.  

Figure 3.16 panel A shows that c-Myb in cooperation with SENP1 gives up to 200-fold 

enhancement of activity if we compare it with the activity when c-Myb is alone. In addition, 
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the presence of CHD3 increases the enhancement, to more than 300-fold activation (Figure 

3.16 panel A and B). 

When SENP1 wild type was replaced with the protease mutant of SENP1, C603S, no 

significant change in the activity was observed. In this case, the presence or absence of CHD3 

did not cause any change (Figure 3.16 panel A). 

Considering that the SENP1-dependent enhancement of the c-Myb activity showed an 

increase when CHD3 was present, we hypothesize that this is directly related to the 

interaction of CHD3 in the system. To further support this, a similar experiment was 

performed, this time keeping constant SENP1 levels, and increasing the levels of CHD3. 

 

Figure 3.17 Activity of c-Myb wild type when co-transfected with SENP1 wild type and different 

concentrations of CHD3. HEK293-C1 were transiently transfected with 0.2 µg of pClneoB-GBD2-hcM-HA 

expressing the GAL4 binding domain fused to c-Myb. pClneoB-3xFLAG-CHD3 wild type was transfected in 

four different amounts, 0.05 µg, 0.1 µg, 0.2 µg and 0.4 µg with or without co-transfection of pClneoB-3xFLAG-

SENP1 (0.2 µg). The transfection and treatment of the lysate was carried out as explained in section 2.2.6. The 

result is presented in RLU ± standard error of the mean (SEM). 

Co-expression of increasing amounts of CHD3 resulted in a gradual increase of c-Myb 

dependent reporter activation when SENP1 was present, causing a 2-fold increase from the 
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lower to the higher concentration (Figure 3.17). However, the largest increase in activity is 

produced by the addition of SENP1.  

Because CHD3 is a protein with enzymatical activity, we speculated whether this co-

activation was linked to its ATP/helicase activity. Moreover, if the enzymatic activity was not 

involved, it might be sufficient with the region of CHD3 that can bind to SENP1. Hence, we 

analyzed the activity of the TF c-Myb and SENP1 when different CHD3 subdomains were 

present. Notably, the helicase dead mutant version of CHD3 shows an enhancement in the 

activity of c-Myb, higher than the one seen for the wild type (Figure 3.18). Moreover, the 

mutant version of CHD3 not binding to SUMO1 showed also an increase in the c-Myb 

dependent reporter activation compared to the wild type. The same figure also shows that the 

N-terminal part of the protein, responsible for the SENP1 binding, can mimic the activation 

seen for the CHD3 wild type, while the C-terminal part seems to be involved in a more 

repressive activity.  
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Figure 3.18 Activity of c-Myb wild type when co-transfected with SENP1 and different CHD3 constructs. 

HEK293-C1 were transiently transfected with 0.2 µg of pClneoB-GBD2-hcM-HA expressing the GAL4 binding 

domain fused to c-Myb. pClneoB-3xFLAG-CHD3, pClneoB-3xFLAG-CHD3-K767A, pClneoB-3xFLAG-

SIM1994-AACA, pClneoB-3xFLAG-CHD3-NTD[1-324], pClneoB-3xFLAG-CHD3-NTD-PHD-Chromo[1-

708] or pClneoB-3xFLAG-CHD3-CTD[1655-2000] were co-transfected with pClneoB-3xFLAG-SENP1 at an 

amount of 0.2 µg. The transfection and treatment of the lysate was carried out as explained in section 2.2.6. The 

result is presented in RLU ± standard error of the mean (SEM). 

These studies (Figure 3.16, Figure 3.17 and Figure 3.18) suggest an enhancement of the 

activity of c-Myb when either SENP1 or CHD3 are present. This activation is higher when 

both SENP1 and CHD3 are present together.  

3.3.4 CHD4 can also bind to SENP1 

To further investigate the relation of SENP1 with the chromatin remodeler, we tested the 

interaction between the SUMO protease and CHD4, as we know the two remodelers have a 

high homology (Figure 3.12). For this, a GST pulldown assay similar to the one for CHD3 

(Figure 3.14) was performed using 3xFLAG-CHD4 expressed in COS-1 cells and GST fused 

SENP1 proteins.  
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Figure 3.19 Interaction study of full length CHD4 and SENP1 versions using GST pulldown. COS-1 cells 

were cultured in 10 cm dishes and transiently transfected with 5 µg of pClneoB-3xFLAG-CHD4 as described in 

section 2.2.3.4. 24 hours after transfection the cells were lysed in Lysis buffer following the protocol described 

in section 2.2.4.3. The GST-proteins were purified on GS beads as described in section 2.2.4.1 by loading the 

following amounts; GST 10 µl, GST-SENP1 200 µl, GST-SENP1[1-296] 200 µl, GST-SENP1[297-644] 20 µl 

and GST-SENP1-C603S[297-644] 20 µl (marked with *). The mammalian cell lysate was incubated for 1 hour 

with the GST-purified proteins. The samples were analyzed by western blotting using an antibody against the 

FLAG tag, raised in mouse (A). The membrane was stained by Coomassie Brilliant Blue staining (B). 

As Figure 3.19 panel A shows, CHD4 can interact with the C-terminal part of SENP1 and 

SENP1 C603S mutant. No retention was observed for the GST alone, validating the 

interaction to SENP1. Figure 3.19 panel B shows the concentration of the GST proteins. 

Unfortunately when separating the proteins by SDS-PAgel the purified GST protein was lost. 

However we can see that the amounts for the SENP1 wild type and the SENO1 C603S mutant 

are comparable.  

This result, in accordance with what we saw in Figure 3.18, suggests a similar binding for 

CHD3 and CHD4 to SENP1. From this we can speculate about a similar function for CHD4 

as the ones described for CHD3. 
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3.4 Expanding the mapping of c-Myb-interacting 

domains in CHD3 

Our lab has already reported that c-Myb and CHD3 interact [22], but the mapping of the 

interacting domains involved in the two proteins were not fully explored, in particular on the 

side of CHD3. With the tools developed in this work at hand, we decided to fully map the 

interaction between them. For this the six domains of CHD3 were assayed in a GST pulldown 

experiment. As baits, three fragments of c-Myb, one expressing the N-terminal region that 

contains the DBD domain, one expressing the TAD and CRD domain and other only 

expressing the CRD domain were used. The CHD3 subdomains were expressed in COS-1 

cells. 

 

Figure 3.20 Interaction study of the subdomains of CHD3 and c-Myb versions using GST pulldown. COS-

1 cells were cultured in separate 10 cm dishes and transiently transfected as described in section 2.2.3.4 with six 

plasmids expressing the subdomains of CHD3: pClneoB-3xFLAG-NTD, pClneoB-3xFLAG-PHD-Chromo, 

pClneoB-3xFLAG-Helica A, pClneoB-3xFLAG-Helica B, pClneoB-3xFLAG-DUF and pClneoB-3xFLAG-

CTD. 24 hours after transfection the cells were lysed in Lysis buffer following protocol described in section 

2.2.4.3. The GST-proteins were purified on GS beads as described in section 2.2.4.1 by loading the following 

amounts; GST 10 µl, GST-c-Myb [1-325] 50 µl, GST-c-Myb [233-640] 100 µl, GST-c-Myb [421-640] 10 µl. 

The mammalian cell lysate was incubated for 1 hour with the GST-purified proteins. The samples were analyzed 
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by western blotting using an antibody against the FLAG tag, raised in mouse. For full figures, see Appendix 5 

Figure A5.24. 

The result of the interaction assay between CHD3 and c-Myb are shown in Figure 3.20.. All 

the different CHD3 fragments were correctly expressed in COS-1 cells, and had no significant 

affinity for the GST control, except for the C-terminal fragment, CTD. The NTD fragment of 

CHD3 presents a clear and single binding to the DBD region of c-Myb, confirming the 

observations of Sæther et al.[22]. The PHD-Chromo domain of CHD3 gives the same 

interaction profile as the NTD, showing an interaction only with the DBD of c-Myb. However 

this interaction is weaker than the one seen for the NTD.  

For the middle part of CHD3, both Helica A and Helica B show binding to the fragment of c-

Myb including the TAD and the CRD and no binding to the CRD alone. This suggests that the 

binding site for the two CHD3 domains is located in the TAD region. Interestingly, the Helica 

A fragment of CHD3 shows also interaction with the DBD region of c-Myb, while the Helica 

B, covering the same region of Helica A with an additional 313 amino acids in the end, 

presents no biding to that domain of c-Myb. The DUF domain of CHD3 shows no interaction 

with any domain of c-Myb. Unfortunately the CTD of c-Myb could not show a valid 

interaction, regarded that it showed binding to the GST control. Within the limited time frame 

of this thesis, we were not able to repeat this experiment. 

We can conclude that c-Myb and CHD3 have multiple regions of interaction, creating a 

complex pattern of retention data. 
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4 Discussion 

The topic of this thesis builds on two previous studies on interaction partners of the chromatin 

remodeler CHD3. Those studies showed an interaction between CHD3 and SUMO1 [7] (from 

2010), and a more recent work from our laboratory identifying a novel putative interaction 

between the SUMO protease SENP1 and CHD3 (L.M. Moen, MSc thesis, unpublished 

results). The aims of this master thesis were formulated into two main questions; how does 

CHD3 interact with the different SUMO isoforms, and how does the CHD3 and SENP1 

interact ?. To answer these two, we had to verify the two described interactions, to study them 

into more detail, and by this to expand the interaction networks involving c-Myb and the 

CHD family. This section intends to clarify some aspects of the data presented in the previous 

chapter and to discuss the implications of the work presented. 

 

4.1 Protein expression in COS-1 and in E. coli cells 

When expressing recombinant proteins there are several challenges to overcome for obtaining 

a high yield for downstream experiments. In E. coli they can be caused by solubility issues 

and related to the size of the recombinant protein, or, to the lack of chaperones and of PTMs 

in prokaryotes. 

In mammalian cells a low yield of recombinant proteins may be due to rapid degradation. For 

the experiments presented, these conditions were taken into consideration when expressing 

the recombinant proteins and they will be discussed in this section. 

4.1.1 Expression of CHD3 proteins in mammalian cells 

The expressions of the 3xFLAG-tagged CHD3 proteins in COS-1 cells were all successful. 

However, the levels of expression obtained with the different constructs were variable 

(Figure 3.6). This difference was not related to the cell number, as shown by the GAPDH 

loading control, but may be due to different stabilities of the proteins and transfection 

efficiency. For the luciferase assays this had to be taken into account. For the interaction 

studies by GST pulldown, the strength of the interaction was compared to the input of protein 

used in the pulldown and differences were easily compensated for. 
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4.2 Expression of SENP1 proteins in E. coli 

When expressing the GST-fused proteins in E. coli some difficulties had to be overcome, in 

particular when working with SENP1. Whereas the C-terminal domain of the protein could be 

expressed following standard recommendations for protein expression in E. coli (see Methods 

section 2.2.1.1), the versions containing the N-terminal domain of SENP1, SENP1 full length 

and SENP1 [1-296], did not give any detectable expression. A test for expression was 

conducted using different temperatures for the induction. After the test we could conclude that 

a lower temperature, 16 °C, was the only temperature where recombinant proteins were 

detected (Figure 3.7). The reason for the low yield may be due to protein folding, protein 

degradation or low solubility. It is noteworthy that this may be an intrinsic property of the 

SENP proteins. Pinto et al. [91] showed a decrease in SENP1 activity when heat-shocked, 

suggesting heat-sensitivity most likely emerging from their catalytic domain. This relates with 

our results and gives an explanation for our protein yield.   

Although optimizing the expression for SENP1 and SENP1 [1-296], the percentage of 

recombinant proteins in the final lysate was low. Hence, a high amount of lysate was needed 

for the GST interaction assays. 

 

4.3 Study of the interaction between CHD3 and the 

different SUMO isoforms 

As previously described, the interest for the relation between SUMO1 and CHD3 came in part 

from a study where CHD3 was shown to bind to KAP-1 only when it was covalently modified 

by SUMO1 [7]. The loss of the SUMO1 modification of KAP-1 or the deletion of the SIM 

domain region in CHD3 disrupted the binding between the two proteins.  

As a start, we confirmed the interaction between CHD3 and SUMO1 using GST pulldown 

assays (Figure 3.8). We also demonstrated that this binding can be abolished by mutation of 

three hydrophobic residues in position 1995, 1996 and 1998 located in the C-terminal SIM 

domain (Figure 3.9). This result defines the exact region of the SIM binding to SUMO1. This 

was in contrast to the KAP-1 study, where they disrupted the interaction by introducing a stop 

codon after Pro 1966. Furthermore, interaction studies using SUMO2 showed that CHD3 can 
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also bind to this isoform. The interaction with SUMO2 was mapped to three different regions, 

one in the N-terminal region, one in the middle and one in the very C-terminal region (Figure 

3.10). Interestingly, the latter can bind both SUMO1 and SUMO2 with a comparable affinity. 

The KAP-1 study showed that the SUMO1-dependent interaction between KAP-1 and CHD3 

is functionally important in the process of double stranded DNA repair [7][92]. We speculated 

that the SUMO1 binding of CHD3 could have additional functions in a transcriptional 

context. Our first hypothesis was the preferential recruitment of CHD3 to chromatin by 

SUMOylated TFs, such as c-Myb. c-Myb has been described to undergo covalent SUMO-

modifications in its CRD domain [33]. Moreover, an interaction between CHD3 and c-Myb 

has been described [22].  

To investigate the function of the SUMO binding of CHD3 in more detail, we used a 

luciferase effector-reporter assay, where the reporter gene was transiently transfected together 

with the effectors. In this experiment we co-transfected c-Myb with different constructs 

encoding CHD3 full length proteins, including the SUMO1 binding mutant (Figure 3.11). As 

has been described before, we observed that CHD3 enhanced c-Myb dependent reporter 

activation. In addition, the CHD3 helicase dead mutant (K767A) gave a larger increase in 

activity consistent with the previous report [22]. The experiment including the CHD3 

SUMO1 binding mutant presented no clear difference compared to the one where the CHD3 

wild type was present. This suggests that the recruitment of CHD3 by c-Myb is not SUMO1 

related. 

We repeated the experiment with the addition of a known c-Myb co-activator, the histone 

acetyltransferase p300, as it was known to enhance the transcriptional activity of c-Myb [31]. 

Here we observed an increase in the activity when either CHD3 wild type or CHD3 helicase 

mutant (K767A) were present. However, co-transfection with CHD3 SUMO1 binding mutant 

did not seem to have any effect on the c-Myb transcriptional activity. This data suggests that a 

SUMO1 interaction might be involved in the recruitment of CHD3 when p300 is present. 

Interestingly, p300 has been reported to be SUMOylated in two Lys residues [93]. 

Considering this and our data, one may speculate whether a covalent SUMO modification in 

p300 may help in the recruitment of CHD3.  

A possible functional role for CHD3 can also be related to the dual binding to both SUMO1 

and SUMO2. So far, the functional difference between SUMO1 and SUMO2 is not totally 
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clear [94]. Some substrates can be exclusively modified by SUMO1 or SUMO2/3, whereas 

others are modified by both. Despite many proteins being able to undergo covalent 

modification by SUMO1 as well as by SUMO2, the difference for this conjugation appears to 

be in the state of the cell [50][34]. SUMO2/3 were reported to be more present as a covalent 

modification in situations of cellular stress and are strongly induced by heat-shock [50][34] . 

Another example of a differential effect is Sp1. When SUMOylated by SUMO1, Sp1 can 

promote cell differentiation, while when modified by SUMO2/3 it inhibits this process [85]. 

This might support that the functional role of the SUMO2 binding of CHD3 can be dependent 

on the cell cycle stage. Moreover, our reported interaction between CHD4 and SUMO2, 

similar to the one with CHD3, (Figure 3.13) may suggest a shared functional role. 

 

4.4 Study of the interaction between CHD3 and 

SENP1 

A previous study of L.M. Moen (MSc thesis, unpublished results) showed that CHD3 and the 

SUMO protease SENP1 were interaction candidates since they interacted in yeast two-hybrid 

assay. To follow up on this finding, the affinity between the two proteins was studied using 

GST-pulldown assays. The results of the pulldown showed that the two proteins were in fact 

able to interact (Figure 3.14). Mapping experiments showed that CHD3 interacts with the C-

terminal part (amino acids 297-644) of SENP1, while SENP1 interacts with both the N-

terminal part (amino acids 1-708) and the C-terminal part (amino acids 1655-2000) of CHD3 

(Figure 3.15). The C-terminal domain of CHD3 showed a higher affinity to the protease dead 

mutant of SENP1 (C603S). The reason for this is unclear. One possible explanation may be 

the presence of an interaction partner common to both SENP1 and CHD3, and that can 

undergo SUMOylation, acting as a mediator of this interaction. If so, the active version of the 

SUMO protease will have cleaved off the SUMO during the interaction, and so, present a 

lower retention in the pulldown assay. Another possible explanation for this comes from a 

report on SUMOylation enhancement by PIAS1 [95]. This study by Tan et al. reported a 

SUMOylation site for CHD3 in Lys 1971, enhanced by PIAS1, presented as part of 

unpublished results from the same group. Again, the active version of the SUMO protease 

will be expected to have cleaved off the CHD3 SUMO modification, and so, present a lower 

retention in the pulldown assay. However, the higher retention in the pulldown assay was seen 
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for a non-SUMOylated CHD3 C-terminal fragment. Nonetheless, a SUMO modification is a 

highly dynamic event. Moreover, this SUMOylation was reported to be enhanced by PIAS1, 

which appeared as an interactant of SENP1 in the same yeast two-hybrid screening where 

CHD3 was identified. Therefor PIAS1 present in the lysate could be involved in the 

interaction between the C-terminus of CHD3 and SENP1.  

Having mapped the interaction between CHD3 and SENP1, we proceeded to examine the 

functional implication of this association. SENP1 as a SUMO protease is involved in 

maturation of SUMO precursors and in cleavage of the PTM from target proteins. SUMO 

covalent modification is often seen as having a repressive effect on transcription [33][96][97]. 

Therefore the role of SENP1 may be hypothesized to have a role in gene activation through 

removal of SUMO. This SENP1-induced activation is observed for the transcription factor c-

Myb [90]. CHD3, as part of the NuRD complex is involved in chromatin remodeling and 

histone deacetylase activity, and has been mostly described to be involved in gene repression 

[16]. However, CHD3 has also been described as an activator in a NuRD independent manner 

[21] [22]. In one of these studies CHD3 was reported to enhance the transcriptional activity of 

c-Myb in a helicase independent manner [22]. Due to these findings we speculated that CHD3 

and SENP1 were recruited into a c-Myb complex to activate target genes. 

We addressed this hypothesis using a luciferase effector-reporter assay in a chromatin-based 

system, as the main function of CHD3 is as a chromatin remodeler. In this assay we studied 

the activity through the transcriptional activity of c-Myb. In all the reporter assays we could 

see an enhanced c-Myb-dependent activation when co-transfected with SENP1 and CHD3 

(Figure 3.16, Figure 3.17 and Figure 3.18). The results shows that SENP1 can increase the 

transcriptional activity of c-Myb by functioning as a SUMO protease, as the SUMO protease 

mutant SENP1 C603S did not seem to have an effect on the activity of c-Myb. The addition 

of CHD3, interaction partner of both SENP1 and c-Myb, increased the activation further 

(Figure 3.16 and Figure 3.17). One of the possibilities for this enhancement could be due to 

the stability of the two proteins when transfected together. However, co-transfection with both 

SENP1 and CHD3 did not seem to have an influence on their expression levels (see Appendix 

5 Figure A5.25).  

To investigate if the increase in activity seen is related to the remodeling function of CHD3 or 

the complex formation with SENP1 and c-Myb, we repeated the assay with the helicase dead 
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mutant of CHD3 (K767A). The results indicate that the helicase activity is not required for the 

enhancement in the activity of c-Myb (Figure 3.18).  

There is also the possibility that binding of CHD3 to SENP1 enhances its enzymatic activity 

leading to more efficient transcriptional activation. Initially we planned to test this in an 

enzymatic assay for SENP1, but had to postpone this assay due to technical and priority 

issues. 

To clarify the interaction, we tested the role of CHD3 as recruitment of SENP1 to the TF c-

Myb. As both the N-terminal and C-terminal domain of CHD3 are able to interact with 

SENP1, both domains were tested (Figure 3.18). In the functional assay we observed an 

activation when the two N-terminal domain fragments where included, NTD (amino acids 1-

324) and NTD-PHD-Chromo (amino acids 1-708). Furthermore, the NTD-PHD-Chromo 

showed a higher enhancement of c-Myb compared to when NTD or CHD3 wild type were 

present. On the other hand, the C-terminal region that presented a binding to SENP1 was not 

able to enhance the activity of c-Myb, showing a decreased in the activity of c-Myb compared 

to the level when only SENP1 was co-transfected with the c-Myb (Figure 3.18).  

These results are in line with the previous obtained results, showing an enhancement of the 

transcriptional activity of the c-Myb when co-transfected with either SENP1 and CHD3 alone 

[22][31], and gives a possible joint explanation for how the activation happens.  

Furthermore, we showed that the chromatin remodeler CHD4 can bind to SENP1 and 

SUMO2 (Figure 3.13 and Figure 3.19). Because both CHD3 and CHD4 can interact with 

SENP1 and SUMO2, it can indicate a conserved mechanism for how the CHD family is 

exceeding their function.  

 

4.5 A combined model for the dual binding of CHD3 

The implication of this study is that CHD3 may represent an interesting novel link between 

the SUMO system, chromatin remodeling and transcription. Having found that CHD3 

interacts with both SUMO conjugates and SUMO proteases, we may envision that CHD3 in 

some way coordinates how the SUMO system affects transcription. What is the link between 

SUMO and chromatin remodeling? The most obvious hypothesis is that CHD3-binding to 
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SUMO1 and SUMO2 is a mechanism by which CHD3 becomes recruited to specific regions 

of chromatin, characterized by bound SUMOylated factors. By the subsequent CHD3-

mediated recruitment of SENP1, deSUMOylation occurs, leading to relief of SUMO-

mediated repression. At the same time, CHD3 may contribute to remodeling of SUMO-

tagged, repressed chromatin and in this way allowing coordinated derepression and 

remodeling processes (Figure 4.21).  

 
Figure 4.21 Schematic representation of the model proposed for the function of the interaction between 

CHD3, SENP1 and SUMO.  

 

4.6 Future studies 

In this master thesis we have investigated in more detail the interactions of the chromatin 

remodeler CHD3, a SUMO protease and two SUMO isoforms together with their functions in 

relation to the TF c-Myb. Despite having obtained several new results, the c-Myb interaction 

network is large and complicated and more extensive studies should be completed to clarify 

the functional implications of our findings. 

Concerning the interaction between SUMO and CHD3 additional experiments need to be 

carried out. We confirmed the interaction with SUMO1 and mapped the SIM in detail. The 

role of this SIM domain in relation to c-Myb dependent transcription needs to be investigated 

further. A possible function in the interaction between c-Myb and p300 may be of further 

interest on investigation.  

We also discovered a novel affinity of SUMO2 for CHD3 and CHD4, and in sections 3.2.5 

and 3.2.6 we made an effort to narrow the position of the binding between SUMO2 and 

CHD3. However, this needs to be mapped in more detail to identify SIM domain specific for 

SUMO2. This may be of general interest since these regions in CHD3 were found to be 
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highly SUMO2 specific and it would be of interest to see whether there are particular 

sequence features responsible for this specificity. We also need mutants here, so the 

functional effect of the non-covalent binding between SUMO2 and CHD3 and CHD4 can be 

studied in more detail. The interaction of CHD4 with only SUMO2 and not with SUMO1 can 

help in identifying the SUMO2 conjugated protein involved in the function of CHD3. 

The proposed activity of CHD3 in recruitment of SENP1 to c-Myb needs further analysis as 

well. We assessed the activity of this interaction by a luciferase effector-reporter assay. 

However, no complex formation between the three proteins has been studied in vivo. A co-

localization of the proteins to the same DNA region could serve as a better prove for the 

recruitment. For this purpose chromatin immunoprecipitation (ChIP) can be used. This 

method serves to study the interaction of proteins and DNA in the cell. While this thesis was 

being written, PhD-student Mads Bengtsen performed a ChiP experiment clearly supporting 

the hypothesis that CHD3 will recruit SENP1 to chromatin. 

In this Discussion we proposed a combined model for the interaction of CHD3 with SUMO 

and SENP1 that needs much more efforts to prove. According to this, CHD3 locates to the 

chromatin recruited by SUMOylated proteins. Subsequently, recruitment of SENP1 by CHD3 

would induce deSUMOylation. This way, the location of SENP1 and CHD3 and SUMO in 

the chromatin would be predicted to show a high correlation. Hence, performing a global 

mapping of the chromatin occupancy of these factors would be needed. In addition, knocking 

down CHD3 and replacing it with a dead SUMO binding version of it should lead to a 

modification of the SENP1 positioning profile in the chromatin that could be compared to its 

profile when CHD3 wt is pressent. This method can also be used to study the differential 

binding of CHD3 to SUMO1 and SUMO2 by making mutants of the chromatin remodeler 

able to recognize only one of the SUMO isoform. These studies can be carried out by ChIP 

experiments. A challenging element is that CHD4 may have overlapping functions with 

CHD3, both with respect to SENP1 and SUMO2 binding, which may complicate the 

interpretation of functional data.  

In brief, this MSc thesis has been a start of an interesting project linking key processes such as 

transcriptional control, chromatin remodeling and the SUMO system. 
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Appendix 1: Abbreviations  

ATP Adenosine triphosphate 
BSA Bovine serum albumin 
CBP CREB binding protein 
CCD camera Charge-coupled device camera 
cDNA Complementary DNA 
CHD Chromo-helicase DNA binding 
ChIP Chromatin immunoprecipitation 
CRD Carboxy-terminal regulatory domain 
DBD DNA binding domain 
DMEM Dullbecco`s Modified Eagle Medium 

DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid  

dNTPs Deoxynucleotide 
DTT Dithiothreitol 
E. coli Escherichia coli 
EDTA Ethylenediaminetetraacetic acid 
FOG-1 Friend of GATA protein 1 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 
GS Glutathione sepharose 
GST Glutathione S-transferase 
HDAC Histone deacetylase 
HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HRP Horseradish peroxidase 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

KAP-1 KRAB-associated protein-1 
kDa Kilo Dalton 
LB Lysogeny broth 

MBD Methyl-CpG-binding domain 

MTA Metastasis-associated protein 

NuRD Nucleosome remodeling deacetylase 

NURF55 Nucleosome-remodeling factor 55 kDa subunit 
OD Optical density 
p300 CBP homologue 
PAGE Polyacrylamide electrophoresis  
PBS Phosphate buffered saline 

PCR Polymerase chain reaction 
PHD Plant homeodomain 
PIAS Protein inhibitor of activated STAT  
PMSF Phenylmethanesulphonylfluoride 
PTM Post-translational modification 
PVDF Polyvinylidene fluoride 

RBBP Retinoblastoma binding protein 
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rcf Relative centrifugal force  
RLU Relative luminescence units 
RNA Ribonucleic acid 

rpm Revolutions per minute 

rRNA Ribosomal ribonucleic acid 
SANT Swi3, Ada2, N-Cor, and TFIIIB  
SDS Sodium dodecyl sulfate 

SEM Standard error of the mean 
SENP  Sentrin-specific protease 1 
SIM SUMO-interacting motif  
SOB Super optimal broth  
Sp1 Specificity protein 1 
SUMO Small ubiquitin-related modifier  

TAD Transactivation domain 
TAE Tris-acetate-EDTA 
TBS-T Tris-buffered saline-Tween-20  
TF Transcription factor 
tRNA Transfer ribonucleic acid 
wt Wild type 
Y2H Yeast two-hybrid 

 
 

Amino Acid  Symbol Abbreviation Symbol 

Alanine Ala A 

Arginine Arg R 

Aspargine Asn N 

Aspartate Asp D 

Cystein  Cys C 

Glutamate Glu E 

Glutamine Gln Q 

Glycine Gly G 

Histidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Threonine Thr T 

Tryptophan Trp W 

Tyrosine Tyr Y 

Valine Val V 

Large hydrophobic residue Ψ 

Any amino acid x 
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Appendix 2: Buffers 

 

100x complete protease inhibitor (1 ml)  

2 tablets complete protease inhibitor are dissolved in 1 ml dH2O 

 

1 M DTT (20 ml)  

3.09 g DTT  

20 ml 0.01 M sodium acetate pH 5.2  

Sterile filtrate  

Store at -20°C  

 

50% Glycerol (100 ml)  

50 ml 99.5 % Glycerol  

50 ml dH2O  

Autoclave  

 

0.5 M EDTA (250 ml)  

46.53g NA2EDTA*2H2O  

200 ml dH2O 

5g NaOH pellets (the pH must be above 7 for EDTA to be dissolved)  

Adjust pH to 8.0 with 1 M NaOH  

Adjust volume to 250 ml with dH2O  

Autoclave  

 

5 M KAc (250 ml)  

122.6 g KAc  

250 ml dH2O  

Autoclave 

 

2 M MgSO4(250 ml) 

123.24 g MgSO4 

250 ml dH2O  
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5M NaCl (500 ml)  

146.1g NaCl  

500 ml dH2O 

Autoclave  

1 M NaOH (100 ml) 

4.0 g NaOH 

100 ml dH2O  

 

50 mM PMSF (10 ml)  

87 mg PMSF  

10 ml isopropanol  

store at -20°C  

50x TAE (500ml)  

121 g Tris base  

50 ml 0.5 M EDTA  

28.5 ml acetic acid  

dH2O to 500 ml 

1x TE buffer (500 ml)  

5 ml 1 M Tris-HCl pH 8.0  

1 ml 0.5 M EDTA  

dH2O to 500 ml  

Autoclave  

0.5 M Tris HCl pH 6.8 (500 ml)  

30.28 g Tris base  

400 ml dH2O  

Adjust pH to 6.8 with HCl  

dH2O to 500 ml  

Autoclave  

1 M Tris HCl pH 8 (1000 ml) 

121.15 g Tris base  

800 ml dH2O  

Adjust pH to 8.0 with HCl  

dH2O to 1000 ml 

Autoclave  

1.5 M Tris HCl pH 8.8 (500 ml)  

90.9 g Tris base  

400 ml dH2O  

Adjust pH to 8.8 with HCl  
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dH2O to 500 ml  

Autoclave  

10% Triton X-100 (50 ml)  

5 ml 100% Triton X-100  

dH2O to 50 ml 

 

Solutions for growth of E.coli 

LB medium (1000 ml) 

10 g Trypton  

5.0 g Yeast extract  

10 g NaCl  

dH2O to 1000 ml  

Adjust pH to 7.2 with 1 M NaOH  

Autoclave  

LB plates (20 plates)  

400 ml LB medium  

6.0 g agar  

Autoclave  

When the temperature is approximately50°C add antibiotics(when required)  

Add approximately 20 ml medium to each petri dish  

 

SOB medium (1000 ml)  

20 g trypton  

5.0 g yeast extract  

0.5 g NaCl  

dH2O to 800 ml  

1 ml 2.5 M KCl  

Adjust pH to 7.0  

dH2O to 1000 ml  

Autoclave  

Add 10 ml sterile filtered 2M MgSO4before use  

 

Solutions for protein expression in E.coli 

IPTG (10 ml)  

2 g IPTG  

H2O to 10 ml  

Sterile filtrate  

Store at -20°C  



APPENDIX 

86 

 

TEN buffer (500 ml)  

5 ml 1 M Tris HCL pH 8  

1 ml 0.5 M EDTA  

10 ml 5 M NaCl  

dH2O to 500 ml  

Autoclave  

TGE0 (500 ml) 

10 ml 1 M Tris HCl pH 8  

1 ml 0.5 M EDTA  

100 ml 50% glycerol  

dH2O to 500 ml  

Autoclave  

TGE300 (500 ml)  

10 ml 1 M Tris HCl pH 8  

30 ml 5 M NaCl  

1 ml 0.5 M EDTA  

100 ml 50% glycerol  

dH2O to 500 ml  

Autoclave  

TGE500 (500 ml)  

10 ml 1 M Tris HCl pH 8  

50 ml 5 M NaCl  

1 ml 0.5 M EDTA  

100 ml 50% glycerol  

dH2O to 500 ml  

Autoclave  

Solutions for SDS-PAGE 

10% APS (10 ml)  

1 g APS  

10 ml H2O  

store at -20°C  

Fixing/destaining solution (800 ml)  

200 ml methanol  

100 ml acetic acid  

dH2O to 800 ml  

10% SDS (500 ml)  

50 g SDS  

H2O to 500 ml  
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20% SDS (500 ml)  

100 g SDS  

H2O to 500 ml 

3x SDS loading buffer (10 ml)  

3.75 ml 0.5 M Tris HCl pH 6.8  

0.69 g SDS  

3 ml 99.5% glycerol  

dH2O to 10 ml  

Add a few grain bromphenol blue  

Prior to use add 10% 1 M DTT  

10 % SDS polyacrylamide gel  

Separating gel:  

3 ml dH2O 

1.5 ml 1.5 M Tris HCl pH 8.8  

30 µl 20% SDS  

1.5 ml 40% acrylamide  

3 µl TEMED  

60 µl 10 % APS  

 

Stacking gel: 

4 ml dH2O  

313 µl 1.5 M Tris HCl pH 8.8  

25 µl 20% SDS  

625 µl 40% acrylamide  

3 µl TEMED  

50 µl 10 % APS  

18% SDS polyacrylamide gel  

Separating gel:  

1.9 ml dH2O  

1.5 ml 1.5 M Tris HCl pH 8.8  

30 µl 20% SDS  

2.6 ml 40% acrylamide  

3 µl TEMED  

60 µl 10 % APS  

Stacking gel: 

4 ml dH2O  

313 µl 1.5 M Tris HCl pH 8.8  

25 µl 20% SDS  

625 µl 40% acrylamide  
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3 µl TEMED  

50 µl 10 % APS  

Staining solution (1000 ml)  

1000 ml fixing/destaining solution  

1 tea spoon Comassie Brilliant Blue  

Solutions for western blotting 

 

Minus buffer (500 ml)  

500 ml plus buffer  

2.62 g e-amino-n-caproic acid  

 

Plus buffer (1000 ml)  

3.0 g Tris base  

20% methanol  

dH2O to 1000 ml  

 

1x TBS-T (1000 ml)  

10 ml 1 M Tris HCl pH 8  

30 ml 5 M NaCl  

1 ml Tween 20  

dH2O to 1000 ml  

1x TBS-T with 5% milk (100 ml)  

5 g skim milk powder  

100 ml 1x TBS-T  

 

Solutions for GST pulldown  

 

Lysis buffer (1000 ml)  

20 ml 1 M HEPES pH 7.6  

100 ml 99.5% Glycerol  

20 ml Triton X-100  

30 ml 5 M KAc  

Adjust pH to around 7.4 

Prior to use add DTT and Complete protease inhibitor to final concentrations:  

- 1 mM DTT  

- 1x Complete protease inhibitor  

NTEN100(1000 ml)  

20 ml 1 M Tris HCl pH 8  
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20 ml 5 M NaCl  

2 ml 0.5 M EDTA  

25 ml 20% NP-40  

Prior to use add DTT and Complete protease inhibitor to final concentrations:  

- 1 mM DTT  

- 1x Complete protease inhibitor 
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Appendix 3: Kits and commercial agents 

Material Producer Product/catalog number 

Cell culture 

DMEM Gibco® Invitrogen 41965-039 

DPBS Gibco® Invitrogen 14190-094 

FBS Gibco® Invitrogen 10106-169 

PenStrep Gibco® Invitrogen 15140-122 

Trypsin-EDTA Gibco® Invitrogen 25300-054 

TransIT™-LT1 

Transfection Reagent 

Mirus Corporation MIR 2304 

Tryphan Blue Invitrogen T10282 

CountessTM cell counting 

chamber slides 

Invitrogen C10228 

CountessTM automated 

cell 

counter 

Invitrogen C10227 

SDS-PAGE and western blotting 

Criterion XT 10 % Bis-Tris 

precast gel 

Bio-Rad 345-0111 

Criterion XT 4-12 % Bis-

Tris precast gel 

Bio-Rad 345-0123 

XT MOPS running buffer 

(20x) 

Bio-Rad 161-0788 

1 mm gel cassettes Invitrogen NC2010 

Whatman filter paper 

Whatman™ 

GE healthcare 3017-915 

Amersham Hybond™-P GE healthcare RPN303F 

SuperSignal West Dura 

Extend Duration Substrate 

Thermo Scientific 34076 

Restore Western Blot 

Stripping Buffer 

Thermo Scientific 21062 

GST pulldown 

Glutathione Sepharose 4B GE healthcare 17-0756-01 

Antibiotics 

Ampicillin Sigma-Aldrich K4000 A0166 

Kanamycin  Sigma-Aldrich K4000 K4000 

Chloramphenicol Sigma-Aldrich K4000 C3175 

Antibodies 

α-FLAG mouse Sigma-Aldrich F1804 

α-GAPDH mouse Invitrogen AM4300 

HRP-α-mouse donkey Jackson ImmunoResearch 

Laboratories 

715-035-150 

Ladders 

1 kb DNA ladder  Invitrogen 10787-018 

Precision Plus Protein dual Bio-Rad 161-0374 

Enzymes 
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Vent ® Polymerase New England BioLabs® M0254S 

T4 DNA ligase New England BioLabs® M0202S 

SAP Affymetrix 78390 

NotI New England BioLabs® R0189S 

XhoI New England BioLabs® R0146S 

BglII New England BioLabs® R0144S 

BamHI New England BioLabs® R0136S 

SalI New England BioLabs® R0138S 

Buffers 

NEB buffer 3 New England BioLabs® Supplied with enzyme 

NEB buffer CutSmart New England BioLabs® Supplied with enzyme 

Vent polymerase buffer New England BioLabs® Supplied with enzyme 

T4 DNA ligase buffer New England BioLabs® Supplied with enzyme 

BSA New England BioLabs® Supplied with enzyme 

Plasmids 

pCIneoB Promega E1841 

pGEX-6P-2 GE Healthcare Life 

Sciences 

27-4598-01 

Kit  

NucleoSpin® Plasmid Macherey-Nagel 740588.250 

NucleoSpin® Extract II Macherey-Nagel 740609.50 

Nucleobond® Xtra Maxi Macherey-Nagel 740414.50 

Diverse 

Complete Protease 

Inhibitor 

Cocktail Tablets 

Roche 11836145001 

2.5 med mer dNTP Mix Invitrogen R72501 

Reporter assay 

Passive lysis buffer 5x Promega E1941 

Luciferase assay system Promega E1501 

Software 

Carestream Molecular 

Imaging Software 

Carestream Health  

CLC main workbench 6.5  CLC bio  

NanoDrop 2000  Thermo Scientific  
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Appendix 4: Primer sequences, subcloning 

strategies and PCR programs 

Primer name Sequence 

CHD3-F308 cctagcaactcgagaaTCGTATGTTTTTCAGAGCGACGAA 

CHD3-R708 acgtggaagcggccgcttatcaATCACCCTGTAGCTCCTTCTTCTT 

CHD3-F709 cctagcaactcgagaaGGGCCTCCCAGTTCTCCCACTAAT 

CHD3-R1217 acgtggaagcggccgcttatcaTGCCTTGGAGCCCAGCCCAGGCCG 

CHD3-R1530 acgtggaagcggccgcttatcaTCTGGAGGAGCGCTTAGAATCGGC 

CHD3-F1218 cctagcaactcgagaaGGCTCCATGTCCAAGCAGGAGCTT 

CHD3-R1654 acgtggaagcggccgcttatcaCTTCTCCTCCCCCCTTTCTCCTGG 

SENP1- F297 ctgattccagatctTCTGTTCCACATCAGCCAGATAAC 

SENP1-R296 gaggctgaagcggccgcttactaGTGGTGATGATGGGGATGATGAAG 

CHD3-SIM1994-

AACI-R 

ccagtgaagcggccgCTATCAGTCGTCggcgCAtgcggCCTCCCCGGCT

CGGGGCTC 

F-CHD4 gctctcatctcgaggtATGGCGTCGGGCCTGGGCTCCCCGT 

R-CHD4 cactgccagatctCATGCTCTCCACCACAGCTA 

S068 ctccccctgaacctgaaaca 

S082 GACATCCACTTTGCCTTTCTCTCC 

S182 GTAAAACGACGGCCAGTG 

 

Plasmid name Vector Insert  Enzymes 

Method Size 

pClneoB-3xFLAG-CHD3-

PHD-Chromo[308-708] 

pClneoB-

3xFLAG-CHD3 

PCR 

Fw: CHD3-F308 

Rv: CHD3-R708 

1210 NotI, XhoI 

pClneoB-3xFLAG-CHD3-

HelicaA 

pClneoB-

3xFLAG-CHD3 

PCR 

Fw: CHD3-F709 

Rv: CHD3-R1217 

1534 NotI, XhoI 

pClneoB-3xFLAG-CHD3-

HelicaB 

pClneoB-

3xFLAG-CHD3 

PCR 

Fw: CHD3-F709 

Rv: CHD3-R1530 

2473 NotI, XhoI 

pClneoB-3xFLAG-CHD3-

DUF 

pClneoB-

3xFLAG-CHD3 

PCR 

Fw: CHD3-F1218 

Rv: CHD3-R1654 

1318 NotI, XhoI 

pClneoB-3xFLAG-CHD3-

NTD-PHD-Chromo 

pClneoB-

3xFLAG-CHD3 

PCR 

Fw: S082 

Rv: CHD3-R708 

2154 

 

NotI, XhoI 

pClneoB-3xFLAG-CHD3-

SIM-1994-AACA 

pClneoB-

3xFLAG-CHD3 

PCR 

Fw: CHD3-F1218 

Rv: CHD3-

SIM1994 

794 BglII, NotI 

pClneoB-3xFLAG-SENP1 pClneoB- Restriction 1653 BglII,XhoI 
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3xFLAG-CHD3 pBS-SENP1 

pClneoB-3xFLAG-SENP1 

C603S 

pClneoB-

3xFLAG-SENP1 

Restriction 

pBS-SENP1 

C603S 

1653 BglII,XhoI 

pGEX-6P-2-SENP1 pGEX-6P-2 Restriction 

pClneoB-

3xFLAG-SENP1 

1962 NotI, 

BamHI 

pGEX-6P-2-SENP1[1-296] pGEX-6P-2 PCR 

Fw: S182 

Rv: SENP1-R296 

941 NotI, SalI 

pGEX-6P-2-SENP1[297-644] pGEX-6P-2 PCR 

Fw: SENP1-F297 

Rv: S068 

1069 NotI, 

BamHI 

pGEX-6P-2-SENP1 C603S 

[297-644] 

pGEX-6P-2 PCR 

Fw: SENP1-F297 

Rv: S068 

1069 NotI, 

BamHI 

pClneoB-3xFLAG-CHD4 pClneoB-

3xFLAG-CHD3 

PCR 

Fw: F-CHD4 

Rv: R-CHD4 

6100 NotI, XhoI 

 

PCR program VENT-Polymerase 

95 °C 4 mintues 

95 °C 1 minute 

55 °C 1 minute 

72 °C 1 minute 

Go to step 2, 30 times 

4°C ∞ 
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Appendix 5: Supplementary figures 

 

 

  

 
 

Figure A5.22 Interaction study of the subdomains of CHD3 and SUMO variants using GST pulldown. 

COS-1 cells were cultured in separate 10 cm dishes and transiently transfected as described in section 2.2.3.4 

with six plasmids expressing the subdomains of CHD3: pClneoB-3xFLAG-NTD, pClneoB-3xFLAG-PHD-

Chromo, pClneoB-3xFLAG-Helica A, pClneoB-3xFLAG-Helica B, pClneoB-3xFLAG-DUF and pClneoB-

3xFLAG-CTD. 24 hours after transfection the cells were lysed in Lysis buffer following protocol described in 

section 2.2.4.3. The GST-proteins were purified on GS beads as described in section 2.2.4.1 by loading the 

following amounts; GST 10 µl, GST-SUMO1 10 µl, GST-SUMO2 20 µl, GST-3xSUMO1 20 µl. The 

mammalian cell lysate was incubated for 1 hour with the GST-purified proteins. The samples were analysed by 

western blotting using an antibody against the FLAG tag, raised in mouse.  
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Figure A5.23 Interaction study of the subdomains of CHD3 and SENP1 versions using GST pulldown. 

COS-1 cells were cultured in different 10 cm dishes and transiently transfected as described in section 2.2.3.4 

with six plasmids expressing the subdomains of CHD3: pClneoB-3xFLAG-NTD, pClneoB-3xFLAG-PHD-

Chromo, pClneoB-3xFLAG-Helica A, pClneoB-3xFLAG-Helica B, pClneoB-3xFLAG-DUF and pClneoB-

3xFLAG-CTD. 24 hours after transfection the cells were lysed in Lysis buffer following protocol described in 

section 2.2.4.3. The GST-proteins were purified on GS beads as described in section 2.2.4.1 by loading the 

following amounts; GST 10 µl, GST-SENP1 200 µl, GST-SENP1[1-296] 200 µl, GST-SENP1[297-644] 20 µl 

and GST-SENP1-C603S[297-644] 20 µl. The mammalian cell lysate was incubated for 1 hour with the GST-
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purified proteins. The samples were analysed by western blotting using an antibody against the FLAG tag, raised 

in mouse. 

 

  

 
 

 
 

Figure A5.24 Interaction study of the subdomains of CHD3 and c-Myb versions using GST pulldown. 

COS-1 cells were cultured in separate 10 cm dishes and transiently transfected as described in section 2.2.3.4 

with six plasmids expressing the subdomains of CHD3: pClneoB-3xFLAG-NTD, pClneoB-3xFLAG-PHD-

Chromo, pClneoB-3xFLAG-Helica A, pClneoB-3xFLAG-Helica B, pClneoB-3xFLAG-DUF and pClneoB-

3xFLAG-CTD. 24 hours after transfection the cells were lysed in Lysis buffer following protocol described in 
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section 2.2.4.3. The GST-proteins were purified on GS beads as described in section 2.2.4.1 by loading the 

following amounts; GST 10 µl, GST-c-Myb [1-325] 50 µl, GST-c-Myb [233-640] 100 µl, GST-c-Myb [421-

640] 10 µl. The mammalian cell lysate was incubated for 1 hour with the GST-purified proteins. The samples 

were analysed by western blotting using an antibody against the FLAG tag, raised in mouse. 

 

 

Figure A5.25 Activity of c-Myb wild type when co-transfected with CHD3 and different concentrations of  

SENP1 wild type. HEK293-C1 were transiently transfected with 0.2 µg of pClneoB-GBD2-hcM-HA expressing 

the GAL4 DNA-binding domain fused to c-Myb. pClneoB-3xFLAG-SENP1 wild type and pClneoB-3xFLAG-

SENP1-C603S mutant constructs were transfected in four different amounts, 0.025 µg, 0.05 µg, 0.1 µg and 0.2 

µg with or without co-transfection of pClneoB-3xFLAG-CHD3 (0.2 µg). The transfection and treatment of the 

lysate was carried out as explained in section 2.2.6. The result is presented in RLU ± SEM. 

 

 


