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ABSTRACT 
Regulation of chromatin structure is essential in a wide variety of processes including 
transcriptional regulation, recombination, replication, chromosome segregation, 
development and differentiation. The enzymes that are central in regulating chromatin 
structure can be classified into two major groups. The first group of proteins consists of 
the histone modifying enzymes that catalyse the addition or removal of 
posttranslational modifications of histones. The second group of proteins is the highly 
conserved ATP-dependent remodeling factors that modify the nucleosome structure.  
Evidence is emerging that these two groups of proteins are intimately linked in 
chromatin function. 
    
This thesis describes the roles of the S. pombe Hrp1 and Hrp3 CHD remodeling factors 
in chromatin regulation, which have been shown to be important in centromere function 
and transcriptional regulation. The Hrp remodeling factors are functionally linked to the 
histone chaperone Nap1 as well as acetylation and methylation activities. 
    
We have demonstrated that Hrp1 has both independent and overlapping roles with Hrp3 
in regulating centromere assembly and function. Both hrp1 and hrp3 deficient cells are 
disrupted in centromere silencing and display various chromosome segregation defects 
indicative of functions at both the outer repeats and the central core of the centromere. 
These phenotypes are likely to originate from the requirement of Hrp1 in keeping the 
centromeres hypoacetylated and for maintaining the histone H3 variant CENP-A at the 
central core of the centromere. Genetic interactions combined with chromatin 
immunoprecipitation and fluorescent in situ hybridisation indicate that Hrp1 stimulates 
CENP-A assembly during DNA replication.  
    
In addition to their centromere functions, the Hrp remodeling factors contribute to 
transcriptional regulation by promoting histone removal. Biochemical purifications 
identified a physical interaction between Hrp1 and Hrp3 and with the histone chaperone 
Nap1. Consistent with the physical interaction data, genome wide analysis showed that 
the CHD remodeling factors together with Nap1 have a common function in removing 
histones particularly at promoter regions. Interestingly, we found that histone 
disassembly in coding regions by both Hrp1 and Hrp3 promote transcriptional 
activation. Cell synchronisation studies revealed that the Hrp1 dependent histone 
disassembly occurs in a DNA replication independent manner. A functional interaction 
between acetylation and remodeling activity was established based on the high degree 
of overlap between the Hrp ATPases, regions affected by Nap1 histone density, and 
corresponding histone deacetylase and histone acetylase targets. 
    
Finally, we discovered that regions with upregulated genes and altered levels of histone 
modifications in the HDAC clr6-1 mutant were significantly similar to equivalent lists 
for the histone demethyl transferase swm1 mutant. In addition, the same regions with 
upregulated genes and effects on histone modification levels in the swm1 and clr6 
mutant overlapped with Hrp1 and Hrp3 binding targets. Thus, it is likely that Swm1 act 
in concert with Clr6 and Hrp1 to mediate transcriptional silencing.  
    
Thus, HDACs, HATs, and HMTs are intimately linked in vivo to CHD nucleosome 
remodeling factors as well as histone chaperones in centromere assembly and 
transcriptional regulation.   
  
© Julian Walfridsson, 2007 
ISBN 978-91-7357-106-7 
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1 INTRODUCTION 
 
Chromatin is a highly dynamic structure that plays a fundamental role in regulating 

various nuclear processes including DNA replication, DNA recombination and repair, 

transcriptional regulation, RNA processing, cell cycle progression and chromosome 

segregation. Chromatin is regulated by mechanisms including addition and removal of 

posttranslational modifications of histones and ATP-dependent chromatin remodeling. 

Histone modifications have been suggested to function as epigenetic codes to recruit 

additional chromatin regulating proteins (Jenuwein and Allis, 2001). Consistent with 

this idea, a growing number of specialised domains in chromatin regulating proteins 

have been identified which recognise specific modifications on histones (Daniel et al., 

2005; de la Cruz et al., 2005). For example, members of the CHD and Mi2/NURD 

chromodomain subfamily of remodeling factors have recognition motifs providing 

binding specificity for histone H3 methylated at lysine 4 (H3K4me), or histone H3 

methylated on lysine 36 (H3K36me), respectively (Flanagan et al., 2005; Shi et al., 

2006; Sims et al., 2005). In addition, the Mi2/NURD family of ATPases has been 

shown to have a conserved function in facilitating posttranslational modification (Tong 

et al., 1998; Wade et al., 1998; Zhang et al., 1998). ATP-dependent remodeling factors 

and histone modifying enzymes are likely to have a functional interplay.  

 

The CHD remodeling family has so far been implicated primarily in promoting 

different stages of transcriptional processes including transcriptional elongation and 

termination (Alen et al., 2002; Carey et al., 2006; Krogan et al., 2002; Simic et al., 

2003; Tran et al., 2000). Previous work in our group has shown that the S. pombe CHD 

remodeling factor Hrp1 also plays a role in maintenance of chromosome integrity and 

segregation (Yoo et al., 2000). The highly similar Hrp3 paralog is involved in 

transcriptional silencing at the mating type heterochromatin region (Jae Yoo et al., 

2002). 

  

This thesis describes the roles of the S. pombe Hrp1 and Hrp3 CHD remodeling factors 

in chromatin regulation. They have been shown to be important in centromere function 

and transcriptional regulation. The roles of Hrp1 and Hrp3 in these processes are 

functionally linked to the histone chaperone Nap1, regulation of histone acetylation and 

histone methylation. 
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segregation (Yoo et al., 2000). The highly similar Hrp3 paralog is involved in 
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This thesis describes the roles of the S. pombe Hrp1 and Hrp3 CHD remodeling factors 

in chromatin regulation. They have been shown to be important in centromere function 

and transcriptional regulation. The roles of Hrp1 and Hrp3 in these processes are 

functionally linked to the histone chaperone Nap1, regulation of histone acetylation and 

histone methylation. 
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The sections below will cover a background to chromatin, chromatin regulatory 

processes, histone modifying enzymes and ATP-dependent remodeling factors. Results 

based on this thesis are presented and discussed in section four and five.   
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2 BACKGROUND 

 
2.1 Overview of chromatin 
Chromatin is traditionally divided into the structurally and functionally distinct 

heterochromatin and euchromatin regions. Heterochromatin is generally more 

condensed and associated with transcriptional inactivity. In contrast, euchromatin is 

more loosely packed and associated with active transcription. Regulation of higher 

order chromatin folding is intimately linked to specific posttranslational histone 

modifications and is important in fundamental cellular processes such as DNA 

recombination, DNA repair, transcription, DNA replication, chromosome condensation 

and segregation (Ehrenhofer-Murray, 2004; Pidoux and Allshire, 2004). For example, 

hyperacetylation of histone H3 and H4, and methylation at histone H3K4me, 

H3K36me and H3K72me are linked to euchromatin and transcriptionally active 

regions. Conversely, hypoacetylated and methylated histone H3K9me and H3K20me 

and histone H4K72me are generally enriched in regions with more compact and 

transcriptionally inactive heterochromatin (Fuchs et al., 2006; Millar and Grunstein, 

2006).  

 

These posttranslational modifications seem to have two different modes of action. One 

is to act in a highly dynamic and precise manner to mediate changes in histone 

modifications necessary in immediate responses for example in transcriptional 

regulation. The second role is to establish stable modifications that are propagated to 

the next generation shown to be important in more global regulation of chromatin. Both 

rapid and more stable changes of modifications may cause heritable changes in gene 

regulation referred to as epigenetic inheritance. Epigenetic inheritance is central in 

processes like imprinting, gene silencing, differentiation and proliferation (Jenuwein 

and Allis, 2001; Paro, 1995).  

 

2.1.1 The nucleosome  
Virtually all eukaryotes have highly conserved histones serving to organise DNA. In 

addition, histone like proteins also exists in archaebacteria. Consequently, phylogenetic 

studies indicate that histones are ancient proteins that originate from a common 

archaebacteria ancestor after separation of archaebacteria and bacteria (Sandman et al., 

1998).  
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The basic structural unit of chromatin consists of a complex of 146 base pairs of DNA 

wrapped around an octamer of two copies each of the core histones H2A, H2B, H3 and 

H4. The core histone octamer is assembled into two nearly symmetrical halves forming 

an H3-H4 tetramer and two pairs of the H2A and H2B histones. Each end of the core 

histones possesses an N-terminal and a C-terminal tail that protrudes from the 

nucleosome core. The nucleosome core particle directly interacts with DNA at 116 

direct sites and via 358 indirect sites (Davey et al., 2002). The tail domains also 

contribute to several of these interactions, mainly via the DNA minor grove. The 

crystal structure of the nucleosome indicates that histone tails also make specific 

contacts with adjacent nucleosomes. For example the histone H4 N-terminal tail 

interacts with histone H2A/H2B on the adjacent nucleosome. These N-terminal tails are 

the primary targets for posttranslational histone modifications (Figure 1) (Luger et al., 

1997). 

 

  

  

Figure 1. The crystal structure of the nucleosome core particle. 
146 base pairs of the DNA backbone (in brown and turquoise) is wrapped around two copies of 
the four histones (blue, H3; green, H4; yellow, H2A; red, H2B), forming the histone octamer. 
N-terminal tails of the histones protrudes out from the nucleosome particle and interacts with 
the DNA minor groves. Left, nucleosome visualised from above. Right, the nucleosome 
presented from the side perpendicular to the left image. Reprinted by permission from Nature 
Publishing Group (Luger et al., 1997). 
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The linker histone H1, 20-60 base pair of linker DNA and one nucleosome form the 

chromatosome. This unit can be further condensed into a helical higher order folding 

structure referred to as the 30 nm fibre. Condensation into metaphase chromosomes 

results from further supercoling of the 30 nm chromatin fibre. Both histone H1 and 

posttranslational modifications of histones are central in regulating higher order folding 

and chromatin function (Fan et al., 2005b; Shogren-Knaak et al., 2006). 

 

2.1.2 Histone variants 
In addition to the canonical histones, eukaryotic chromatin consists of histone variants 

that are distinguished from the canonical histones by sequence differences and are 

implicated in highly specific functions (Malik and Henikoff, 2003). Histone variants 

are characterised by replication independent assembly at discrete sites in the genome 

(Henikoff and Ahmad, 2005).  

 

The histone H3 variant CENP-A is perhaps the best studied variant, and has been 

shown to replace histone H3 at the central core of the centromere. CENP-A loading is 

essential for initiation of kinetochore assembly (Van Hooser et al., 2001).  

 

In mammals, the histone H3.3 variant is distinguished from the canonical histone H3 at 

only four amino acid positions. Histone H3.3 is assembled in a DNA replication 

independent manner and specifically enriched at transcriptionally active euchromatin in 

Drosophila. It is therefore likely that H3.3 serves as an epigenetic mark for 

transcriptionally active euchromatin. Both S. cerevisiae and S. pombe lack the histone 

H3.3 gene variant and only encode the canonical histone H3. However, the yeast H3 

histone contains some of the H3.3 specific amino acids, which indicate a corresponding 

function to that of H3.3 (Ahmad and Henikoff, 2002).  

 

In addition to the H3 variants, several H2A variants are found in both yeast and 

mammals. The H2AZ histone H2A variant in S. cerevisiae is assembled by the ATP 

dependent chromatin remodeling factor Swr1 (Kobor et al., 2004; Mizuguchi et al., 

2004). ScH2A.Z has been determined to be preferentially localised to the promoter 

regions. Kinetic experiments indicate a function for H2A.Z in rapid transcriptional 

induction of a subset of repressed genes (Raisner et al., 2005; Zhang et al., 2005a). The 

H2AX histone is an additional H2A variant involved in double-strand break repair. At 
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double-strand breaks the H2AX variant becomes phosphorylated, which is necessary 

for recruitment of the double-strand break repair machinery (Fernandez-Capetillo et al., 

2004).  

 

Other examples of histone variants are the H2ABbd and macroH2A whose functions 

are not fully understood. However, H2ABbd has been discovered to be associated with 

active chromatin, whereas macroH2A is preferentially localised to inactive chromatin 

(Henikoff and Ahmad, 2005).  

 

2.1.3 Histone modifications 
Posttranslational modifications of histones have a direct impact on nucleosome 

structure, histone disassembly and provide specific binding targets to recruit non-

histone proteins. These modifications include methylation, acetylation, 

phosphorylation, ubiquitination and sumoylation (Figure 2). Although the specific 

outcome of many of the modifications remains unclear, certain modifications can be 

linked to specific nuclear processes and modified chromatin status. Different numbers 

of methylation groups, i.e. mono-, di- and trimethylation provide an additional level of 

regulation and are connected to distinct chromatin states.  

 

 
 
Figure 2. Identified and potential sites of posttranslational modifications of histone tails. 
Ac, Acetylation; Me, methylation; P, phosphorylation; Ub, ubiquitination. Adapted by 
permission from Nature Publishing Group (Jaskelioff and Peterson, 2003). 
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There are currently three main non mutually exclusive hypotheses regarding how 

posttranslational modifications of histones may influence and regulate chromatin 

structure. The first model suggests that chromatin structure is partially regulated by 

posttranslational modifications at the DNA-histone interaction interface. Modifications 

that occur at the DNA-histone contact site may result in altered interactions and thereby 

modify nucleosome mobility (Cosgrove et al., 2004; Freitas et al., 2004). For example, 

due to sterical or electrostatic reasons, acetylation may partially neutralize the 

positively charged histone surface, reducing the affinity and thereby exposing the 

DNA. In support for this model, a broad variety of histone modifications have been 

mapped to the histone octamer surface shown to interact with DNA and increase 

nucleosome mobility (Freitas et al., 2004). The second model predicts that conserved 

modifications located at the histone-histone interface might directly influence the 

stability of histone tetramer-dimer interactions and have a role in histone 

assembly/disassembly (Freitas et al., 2004). One such example is the H3K91 

acetylation located at the interface of the histone-tetramer interface and observed to 

affect histone dimer and tertramer interactions (Ye et al., 2005). The third model was 

presented by Allis and Jenuwein who suggested that specific combinations of histone 

modifications serve as codes to recruit non-histone proteins to regulate chromatin 

behaviour (Jenuwein and Allis, 2001). Indeed, bromodomain containing proteins have 

been demonstrated to specifically interact with N-terminally acetylated histones 

(Dhalluin et al., 1999; Owen et al., 2000). Chromodomain proteins are suggested in 

several studies to specifically associate with N-terminally methylated histones. First, 

the HP1 chromodomain protein was discovered to specifically recognise H3K9me 

histone tails (Bannister et al., 2001; Lachner et al., 2001; Nakayama et al., 2001). In 

addition, both chromodomains of the human CHD chromatin remodeling factors were 

recently described to interact cooperatively with H3K4 methylated histone tails 

(Flanagan et al., 2005; Okuda et al., 2006; Sims et al., 2005). Another example of 

motifs with specificity for methylated histones is the plant homeodomain (PHD) 

proteins. The tumour suppressor ING2 and the ISWI remodeling factor specifically 

interact with H3K4me3 methylated histones and mediate transcriptional repression and 

gene activation respectively (Shi et al., 2006; Wysocka et al., 2006). Thus, histone 

modifications regulate chromatin behavior via several distinct mechanisms.   
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2.1.4 Heterochromatin assembly 
As described above, an increasing number of proteins with specialised domains have 

been shown to specifically interact with covalently modified histones. These proteins 

are either structural chromatin proteins that promote heterochromatin assembly or 

enzymes that regulate chromatin behavior.  

 

Heterochromatin formation and silencing mechanisms are highly conserved from yeast 

to mammals (Schotta et al., 2003). In S. pombe H3K9 methylation of the SU(VAR)3-9 

homolog spClr4 promotes binding and spreading of the HP1 homolog Swi6 at the 

heterochromatic mating type locus (Nakayama et al., 2001). Swi6 and HP1 are 

suggested to serve as binding platforms to recruit additional proteins involved in 

heterochromatin regulation and formation. This idea is consistent with the observed 

role of S. pombe Swi6 in spreading and recruitment to the heterochromatic mating type 

locus of a recombination promoting complex consisting of Swi2 and Swi5 (Jia et al., 

2004). Likewise, Swi6 is required for localisation of the cohesin protein Rad21 to the 

centromeres, which is essential for proper sister chromatid cohesion and faithful 

chromosome segregation (Bernard et al., 2001).  

    

In addition to being methylated at H3K9, heterochromatin regions are generally 

associated with hypoacetylated histones. Hypoacetylated histones and HDACs are 

reported to be required for proper centromeric heterochromatin assembly, chromosome 

segregation, silencing and Swi6 localisation to the centromeres (Bjerling et al., 2002; 

Ekwall et al., 1997; Jeppesen and Turner, 1993; Taddei et al., 2001). For example, the 

S. pombe HDAC spClr3 was first observed to be critical for transcriptional silencing at 

the heterochromatic mating type region, rDNA and centromeric heterochromatin 

regions. In the same study, Clr3 was necessary for keeping the mating type and rDNA 

hypoacetylated (Bjerling and Ekwall, 2002). In fact, spClr3 histone deacetylase activity 

was recently suggested to both nucleate and maintain heterochromatin formation by 

recruiting the Clr4 methylase. This mechanism is crucial for Swi6 binding at the mating 

type locus (Yamada et al., 2005). Taken together, these results are consistent with a 

stepwise model of heterochromatin assembly. The process is first initiated by 

deacetylation mediated by HDAC, followed by H3K9 methylation by Clr4 and 

subsequently binding of Swi6 to the H3K9 mark.  
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Another example of histone modification involved in heterochromatin formation is 

H3K27 histone methylation which is enriched in heterochromatin regions. H3K27me is 

implicated in processes such as X-inactivation, homeotic gene silencing and imprinting. 

All states of H3K27 modification (i.e. mono-, di- and trimethylation) are mediated by a 

complex consisting of the PcG proteins (Cao et al., 2002; Cao and Zhang, 2004; Muller 

et al., 2002). The principal role of the PcG group of proteins is in regulating genes 

involved in embryonic development in Drosophila (Ringrose and Paro, 2004). In an 

analogous manner to H3K9me and Swi6 recruitment, the proposed assembly process is 

initiated by binding of the Pc9 chromodomain protein to H3K27 methylated histones 

(Fischle et al., 2003; Min et al., 2003). Pc is part of a complex containing an ubiquitin 

E3 ligase with specificity for H2A (Wang et al., 2004). Although this has not yet been 

demonstrated, ubiquitination of H2A presumably recruits downstream structural or 

chromatin modifying enzymes needed for long term transcriptional silencing through 

heterochromatin assembly. 

 

2.1.4.1 The role of RNAi in heterochromatin assembly  

RNA interference (RNAi) was first described by Fire et al in 1998 as a process by 

which double stranded RNA (dsRNA) posttranscriptionally silences complementary 

genes in the nematode Caenorhabditis elegans (Fire et al., 1998). More recently, RNAi 

was detected to play a critical role in heterochromatin formation and centromere 

function (Provost et al., 2002; Volpe et al., 2002). First, the pre-dsRNA is generated by 

polymerase II transcription that requires the RNA polymerase II Rpb7 subunit for 

transcriptional initiation of centromeric dsRNA (Djupedal et al., 2005). The RNAi 

process is then initiated by generation of small interfering dsRNAs processed to 

approximately 22 nucleotides by the ribonuclease III enzyme Dicer (Bernstein et al., 

2001). The processed dsRNA is found to be associated with the RITS complex and 

presumably targets the complex to complementary heterochromatin regions. The RITS 

complex in S. pombe contains the Argonaut homolog Ago1, and the chromodomain 

proteins Chp1 and Tas3. The requirement of RITS and siRNA for H3K9 methylation 

and Swi6 localisation at the centromere indicates that RITS through an unknown 

mechanism may use siRNA for targeting the Clr4 histone methylase for subsequent 

H3K9 methylation and Swi6 binding (Figure 3) (Verdel et al., 2004).  
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Figure 3. Heterochromatin assembly. Heterochromatin formation is initiated by the RNAi 
machinery by transcription of repetitive DNA sequence at the centromere. This will recruit 
histone modifying enzymes such as HMTs and HDACs to nucleate heterochromatin. HDAC 
and HMT covalently modify histone tails that serves are marks to recruit Swi6/HP1 to establish 
heterochromatin formation. (The green box indicates unknown factor(s); The red flags indicates 
H3K9me; The blue arrows indicates repetitive DNA). Adapted by permission from Nature 
Publishing Group (Grewal and Jia, 2007). 
 

 

Thus, the current model is that the RITS complex provides the link between RNAi and 

heterochromatin assembly. The RITS has an additional role in recruiting another 

complex, the RDRC complex consisting of Rdp1, Hrr1 and Cid12. This complex is 
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centromere in S. pombe are to a large extent structurally conserved at the protein level, 

and consist of Chp1 (hCENP-B homologue) and Swi6 (mM31 and dmHP1 

homologue). In addition, the Drosophila Su(var)3-9 Clr4 homolog interacts with M31 

(HP1 homolog) in pericentric chromatin (Aagaard et al., 1999). Similarly, the 

mammalian SUV39H1 selectively accumulates at centromeres during prometaphase 

and dissociates at the end of metaphase. Thus, these proteins are exclusively associated 

to the outer repeats at the S. pombe, Drosophila and mouse centromeres (Bjerling and 

Ekwall, 2002; Pidoux and Allshire, 2004). Mutations of genes encoding proteins 

binding to the outer repeats of the centromere are all so far found to be non-lethal. In 

addition, they display characteristic phenotypes such as lagging chromosomes and 

increased sensitivity to microtubule destabilising drugs. These phenotypes are likely to 

reflect the function of the outer repeats in sister chromatid cohesion at the centromere. 

As mentioned above, Swi6 is associated to the outer heterochromatic repeats has been 

shown to be required for recruiting the cohesin Rad21 and also to interact with the Psc3 

cohesin subunit. Both these proteins are involved in forming the molecular glue needed 

to attach the sister chromatids at metaphase (Bernard et al., 2001; Nonaka et al., 2002). 

This has lead to the suggestion that the outer repeats form specialised structures to 

orient the kinetochore in a favourable position to mediate monopolar attachment of the 

microtubules (Pidoux and Allshire, 2005).  

    

The specialised central core of the centromere forms the kinetochore consisting of 

highly conserved and mainly essential proteins. Among these proteins are the histone 

H3 variant Cnp1 (vertebrate CENP-A), Mis6 (CENP-I), Mis12 (Mis12), Mis14 

(PMF1), Sim4 (CENP-H), Mis15 and Mis16 (RbAp46/48) (Vos et al., 2006). Indeed, 

sim4, mis6, mis12 and mis15-18 S. pombe mutants all result in phenotypes linked to the 

central core of centromere function, i.e. chromosome loss and altered central core 

structure. These phenotypes most probably originate from disassembly of the essential 

CENP-A at the central core (Hayashi et al., 2004; Pidoux et al., 2003; Takahashi et al., 

2000). The highly conserved histone H3 variant CENP-A is suggested to replace the 

canonical histone H3 at the central core of the centromere (Bjerling and Ekwall, 2002; 

Takahashi et al., 2000; Vos et al., 2006). CENP-A is suggested to nucleate the central 

core of the centromere by specifying the initial assembly of the additional kinetochore 

proteins (Van Hooser et al., 2001). One important question to address is how CENP-A 

is localised to the central core of the centromere. There are at least two parallel 

pathways in CENP-A loading. One pathway depends on the Mis15 and Mis17 complex 
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which mediates CENP-A loading during G2. The other pathway involves the GATA 

factor Ams2 shown to localise CENP-A to the central core during S-phase (Chen et al., 

2005; Hayashi et al., 2004).  

    

The distinct functional and structural central core compared to the heterochromatin 

outer repetitive regions of the centromere is also associated with specific epigenetic 

features important for correct assembly and function. Described in more detail above, 

the RNAi machinery initiates dsRNA expression from the centromere which recruits 

Clr4 to mediate H3K9 methylation (Hall et al., 2002). HDAC activity promotes and 

stabilises histone H3K9me2 methylation (Shankaranarayana et al., 2003; Yamada et al., 

2005). H3K9me2 methylation catalysed by Clr4 provides a binding target for Swi6 and 

further heterochromatin assembly (Bernard et al., 2001; Lachner et al., 2001; 

Nakayama et al., 2001; Noma et al., 2001). Thus, hypoacetylated and H3K9me histones 

are required for heterochromatin formation at the outer repeats. In addition to the outer 

repeats, the central core of the centromere is also under-acetylated (Mellone et al., 

2003). Studies in S. pombe indicate that increased histone acetylation levels result in 

decreased association of CENP-A at the central core, raising the possibility that CENP-

A loading or maintenance is dependent on hypoacetylated histones (Hayashi et al., 

2004; Walfridsson et al., 2005). In addition to acetylation, a recent study presented 

evidence for an enrichment of H3K4 methylation at the central core of the centromere. 

The specific reason for this still needs to be addressed but may indicate that H3K4 

methylation has a distinct function at the central core of the centromere (Cam et al., 

2005). Collectively, these findings indicate that epigenetic regulation is critical for 

centromere function and forms the basis for correct assembly. 

 

2.1.5 The role of histone modifications in transcriptional regulation  
The role of histone methylation as a mark for recruiting specific factors is not restricted 

to heterochromatic regions only. These modifications are also implicated in 

transcriptional regulation. H3K9 methylation followed by heterochromatin assembly 

has recently been reported to be initiated by transcription factors and gene repression 

mechanisms in pathways that seem to be independent of the RNAi machinery. In 

mammalian cells, the Rb repressor protein recruits the histone methylase SUV39H1 to 

the cyclin E promoter to mediate H3K9me and consequently HP1 binding. The 

resulting repression of the cyclin E gene provides an alternative mechanism of gene 

regulation by specific targeting of heterochromatin assembly (Nielsen et al., 2001). In a 
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similar mechanism, the human KAP-1 corepressor recruits the SETDB1 

methyltransferase to promoters which results in increased H3K9 methylation and HP1 

mediated silencing of KAP-1 target genes (Schultz et al., 2002). However, other histone 

methylation marks are connected to a role in transcriptional activation. Genome wide 

analysis has revealed that H3K4me3 and H3K36me3 are positively correlated with 

high transcriptional rates. The stimulatory effects on transcription are presumably 

mediated by transcriptional activators that recognise the modifications. In contrast, 

H3K4me1 and H3K4me2 are not significantly correlated to increased transcriptional 

activity, whereas H3K79me3 modifications are generally linked to negative 

transcriptional rates (Pokholok et al., 2005). 

    

In addition to histone methylation, histone acetylation is strongly correlated with 

transcriptional regulation. Genome wide studies suggest that high acetylation levels are 

commonly connected to increased gene expression. H3K9 and H3K14 acetylation are 

particularly strongly associated with high transcriptional activity at coding and 

promoter regions in both S. cerevisiae and S. pombe (Pokholok et al., 2005; Wiren et 

al., 2005). Likewise, high H4K5, H4K8, H4K12, and H4K16 acetylation levels 

correlate with increased transcription rates genome wide (Pokholok et al., 2005). In 

contrast, H4K16Ac at ORF regions seems to be an exception to a general rule of 

increased acetylation levels correlated with high transcriptional activity (Wiren et al., 

2005).  

    

Nucleosomes are highly mobile in response to transcriptional regulation. Genome wide 

analysis in both S. cerevisiae and S. pombe indicates that low histone density at 

promoter regions, which correlates with high transcriptional activity, is a conserved 

feature (Bernstein et al., 2004; Lee et al., 2004; Wiren et al., 2005; Wyrick et al., 1999). 

A novel link between acetylation and histone disassembly was provided by two studies 

in S. cerevisiae showing that transcriptional activation is followed by histone 

hyperacetylation at promoter regions and subsequent histone disassembly.  

    

Several studies indicate interplay between different modifications in chromatin 

regulation. One example of crosstalk between acetylation and methylation in 

transcriptional elongation was presented recently. H3K36 methylation at coding 

regions, promoted by the S. cerevisiae histone methylase Set2, was demonstrated to 

provide a mark to target the Rpd3 HDAC complex. The histone deacetylase activity 
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mediated by Rpd3 in concert with H3K36 methylation during transcription was shown 

to be necessary for appropriate transcriptional initiation at the 5’-end of genes 

(Carrozza et al., 2005; Keogh et al., 2005). Another interesting example was detected 

with in vitro studies of the MeCP1 HDAC and CHD containing complex. Acetylation 

assays revealed a preference by the MeCP1 complex in remodeling and deacetylation 

of methylated histones, compared to unmodified, to mediate gene repression (Feng and 

Zhang, 2001).  

    

Another important property of histone modifications is the distribution of the 

modifications throughout the genes. Acetylation levels are non uniformly distributed 

along genes, given that coding regions are generally hypoacetylated compared to 

promoter regions (Pokholok et al., 2005; Sinha et al., 2006). For example, H3K9 and 

H3K14 acetylation levels show a more pronounced peak at the 5’-end at the 

transcriptional start site of highly transcriptionally active genes (Pokholok et al., 2005; 

Sinha et al., 2006). Histone methylation along genes demonstrates a distinct pattern 

compared to acetylation. For instance, the different isoforms of H3K4 methylation are 

linked to transcriptional activity and are specifically enriched at discrete parts of genes. 

H3K4me1 and H3K4me2 methylation are generally enriched at the 3’-ends of coding 

regions, whereas H3K4me3 is mainly associated with promoter regions and the 5’-ends 

of genes. The Set1 histone methylase in S. cerevisiae is responsible for all H3K4 

methylation states (i.e. mono-, di- and tri methylation) and specifically interacts with 

the serine5 phosphorylated CTD of RNA Polymerase II (Ng et al., 2003). This specific 

interaction presumably contributes to the characteristic distribution of H3K4me. 

H3K36me3 methylation is catalysed by the Set2 methylase in S. cerevisiae. The Set2 

specific interaction with serine2 phosphorylated CTD of RNA polymerase II during 

transcriptional elongation targets H3K36me3 exclusively to coding regions (Millar and 

Grunstein, 2006; Pokholok et al., 2005; Xiao et al., 2003). These modifications are in 

various ways likely to serve as marks important in different transcriptional processes 

such as initiation, elongation and presumably also termination.  

 

2.2 Proteins involved in chromatin regulation 
Proteins that influence chromatin structure are traditionally divided into enzymes 

catalysing covalent posttranslational modifications and ATP-dependent chromatin 

remodeling factors. In addition, recent evidence suggests a central role for histone 

chaperones in nucleosome assembly and disassembly, and these generally seem to act 
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in a cooperative manner with remodeling factors. A broad variety of posttranslational 

modifications exists, but in the following section the focus will be on enzymes 

catalysing the addition or removal of histone methylation and acetylation. 

 

2.2.1 Histone deacetyltransferases and acetyltransferases 
Histone deacetyltransferases (HDACs) catalyse the removal of acetyl groups from the 

ε-amino group of lysines (Ekwall, 2005; Holbert and Marmorstein, 2005). Phylogenetic 

analysis divides HDACs into four different classes. Class1 HDACs include hHDAC1 

and hHDAC2 which are homologs of scRpd3, spClr6 and spHos2; class II consists of 

hHDAC4-7, 9 and 10, scHda1 and spClr3 HDACs; class III consists of the human 

sirtuins 1-7, and S. cerevisiae spSir2, spHos2 and spHst4; and class IV consists of 

hHDAC11 (Bjerling et al., 2002; Gregoretti et al., 2004). Interestingly, the class I and 

class II HDACs show a significant amino acid sequence difference at the catalytic sites, 

possibly reflecting distinct substrate specificities (Bjerling et al., 2002). In contrast to 

the histone deacetylation mediated by class I and class II HDACs, the sirtuins carry out 

NAD+ dependent reactions (Imai et al., 2000; Marmorstein, 2004).  

 

HATs and HDACs in both S. cerevisiae and S. pombe have relatively broad enzyme 

specificity, compared to histone methyltransferases and demethyltransferases (Bjerling 

and Ekwall, 2002; Millar and Grunstein, 2006; Wiren et al., 2005). For example, loss of 

both S. cerevisiae and S. pombe Hos2 HDAC orthologs results in increased acetylation 

levels at H4K5, H4K8, H4K12, H4K16, H3K9 and H3K14 (Bjerling et al., 2002; 

Millar and Grunstein, 2006; Wiren et al., 2005). However, some of the histone lysines 

are preferentially modified by certain HDACs. For example, spClr3 has a preference 

for H3K14 acetylated histones, whereas spSir2 most significantly affects H3K9Ac. 

spHos2 is observed to specifically remove H3K14 acetyl moieties at ORFs regions of 

highly transcriptionally active genes (Wiren et al., 2005). In addition, genome wide 

binding and substrate specificity analysis reveal some distinct functions of the HDACs. 

In S. pombe, mutations of Sir2 and Clr3, in contrast to mutations of Hos2 and Sir2, 

result in pronounced nucleosome loss indicating a more specific role for these HDACs 

in nucleosome assembly. Moreover, both spClr3 and scHda1 orthologs are involved in 

keeping the telomere region hypoacetylated and transcriptionally silenced (Robyr et al., 

2002; Wiren et al., 2005). Hence, although HDACs generally possess broader substrate 

specificity, they also demonstrate examples of high specificity and functions which are 

evolutionary conserved.  
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In vitro studies demonstrate that most HDAC recombinant monomers are 

enzymatically inactive. Likewise, most HDACs are not able to bind to DNA alone. 

This suggests that HDAC specificity and activity in vivo require additional cofactors 

(Sengupta and Seto, 2004). Indeed, HDACs in both human and yeast have been 

determined to be subunits in multi-protein complexes. Additionally, HDACs interact 

with DNA binding proteins shown to regulate activity and provide specificity. 

Biochemically characterised HDACs containing multi-subunit complexes include the 

human and S. pombe Sin3, Mi2/NURD, Lsd1 and CoREST complexes (Hakimi et al., 

2003; Humphrey et al., 2001; Nakayama et al., 2003; Ng and Bird, 2000; Sengupta and 

Seto, 2004; You et al., 2001). Many of the complexes are targeted to specific 

chromosomal regions by DNA interacting proteins. One example is the Ume6 

dependent recruitment of the S. cerevisiae Rpd3-Sin3 complex, causing preferential 

deacetylation of H3K4 and H4K12 resulting in subsequent gene repression (Kadosh 

and Struhl, 1997; Rundlett et al., 1998).  

    

Acetylation of HATs is catalysed by acetyl Coenzyme-A dependent histone 

acetyltransferases and occurs by the covalent addition of a single acetyl group on the ε-

amino group on lysines. In a manner highly reminiscent of the HDACs, HATs 

generally possess relatively broad substrate specificity. However, some HATs have a 

more specific activity like Spt10 in S. cerevisiae which acetylates H3K56 during S-

phase (Xu et al., 2005). HATs are similar to the HDAC part of multi-subunit 

complexes, such as the highly conserved SAGA and SLIK complexes (Pray-Grant et 

al., 2005). Likewise, the Esa1 HAT (the human Tip60 homolog) is a component of the 

NuA4 multi-subunit complex (Doyon and Cote, 2004). Nevertheless, both HATs and 

HDACs are likely to contribute to specific biological functions by being targeted to 

unique chromosomal regions, possibly during particular stages of the cell cycle or in 

response to other signals.  

 

2.2.2 Histone methyltransferases and demethyltransferases 
S-adenosyl methionine dependent HMTs catalyse the addition of methyl groups to the 

ε-amino group of histone lysines. Methylation can involve addition of up to three 

methyl moieties (i.e. mono-, di- and trimethylation). In contrast to acetylation, 

methylation does not change the electrostatic properties of the histone lysines. Until 

now, three different classes of histone HMTs have been described to catalyse the 

addition of one or more methyl groups to histone H3 and H4 lysine or to histone 
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arginine residues in a highly specific manner. These classes include the arginine 

specific PRMT class, the lysine specific SET-domain and the Dot1 family of HMTs.  

    

Histone arginines are demonstrated to be mono- or dimethylated in vitro by the PRMT 

class of histone methyltransferases but only mono-methylated histones have been 

detected in vivo (Bannister and Kouzarides, 2005). So far, the characterised arginine 

specific PRMTs seem to have rather broad substrate specificities compared to the lysine 

specific HMTs. The CARM1 PRMT class of HMTs possesses substrate specificity for 

H3R2, H3R17 and H3R26, whereas PRMT1 HMT activity is restricted to histone 

H4R3. Arginine methylation of PRMTs is closely associated to transcriptional 

activation and is recruited to promoters by various transcription factors (Lee et al., 

2005a). Hitherto, no protein has been identified that recognises histone methylation of 

arginine (Bedford and Richard, 2005). 

    

A large number of the conserved SET-domain HMTs have been observed to methylate 

histones on H3K4, H3K9, H3K27, H3K36 and H4K20 (Volkel and Angrand, 2007). 

The Set1 subfamily of HMTs specifically methylates histone H3K4. ScSet1 is 

responsible for all three methylation states of histone H3K4 (i.e. mono-, di- and 

trimethylation) (Santos-Rosa et al., 2002). Set1 physically interacts with both serine5 

and serine2 phosphorylated CTD tails of RNA polymerase II, leading to enrichment of 

H3K4 in the ORFs (see above) (Dehe et al., 2006; Ng et al., 2003; Xiao et al., 2003). 

Genome wide analysis connects H4K4me3 to transcriptional activity (Pokholok et al., 

2005) and has been demonstrated to provide a binding target for chromatin modifying 

proteins such as ISWI and Chd1. This is in line with a potential role for H3K4 

methylation in targeting ATP-dependent remodeling factors to promote different stages 

of transcription (Dehe et al., 2006). Another member of the Set family of HMTs is the 

SUV39 subfamily which includes spClr4. As described above, this subfamily 

specifically methylates histone H3K9. In mouse, the G9a HMTs specifically catalyse 

H3K9me1 and H3K9me2 methylation, predominantly at euchromatic regions. G9a is 

however excluded from pericentromeric H3K9me3 methylation. Instead, the Suv39h 

HMT in particular promotes H3K9me3 localisation at pericentric regions (Peters et al., 

2003).  Importantly, the methylation activities of the HMTs H3K9me2 and H3K9me3 

are crucial to establish heterochromatin assembly by providing a binding site for HP1 

(see above).  
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The Set2 family of HMTs has enzymatic specificity for H3K36 methylation, but in 

some cases this protein family has a broader specificity, also catalysing H4K20 

methylation. As described above, Set2 is, like Set1, targeted to coding regions of genes 

by interaction with serine2 phosphorylated CTD of RNA polymerase II (Xiao et al., 

2003).  

    

The Dot1 family is distinguished from the Set family of HMTs by its lack of a SET 

domain. Dot1 HMTs specifically methylate H3K79 and Dot1 methylase activity is 

reported to be required for telomere integrity (Feng et al., 2002; Ng et al., 2002a).  

 

Histone methylation is a reversible process and methyl moieties are removed by HDM 

enzymes. Consistent with the observed rapid turnover of histone arginine methylation, 

the histone arginine demethylase PADI4 was discovered recently. PADI4 catalyses the 

conversion of mono-methylated arginines on histone H3 and H4 to citrullines in a 

deamination reaction. PADI4 mediated arginine demethylation predominantly results in 

gene repression (Cuthbert et al., 2004; Wang et al., 2004).     

    

Histone lysine demethylation is catalysed by two classes of enzymes. The first class 

consists of the well conserved Lsd1 lysine histone demethyltransferases. The Lsd1 

family catalyses demethylation by amine oxidation in a flavin-dependent manner. Only 

mono- or dimethylated histone lysines can function as substrates for this type of 

reaction. Lsd1 was first described by Shi and colleagues to promote demethylation of 

H3K4 mono- and dimethylated lysines. In agreement with the prominent role of H3K4 

methylated histones in transcription activation, depletion of Lsd1 in cells resulted in 

deactivation of genes (Shi et al., 2004). Lsd1 is a component of a large protein complex 

named BHC110 consisting of HDAC1, HDAC2, CoREST and the PHD domain 

protein BHC80. In two parallel studies, the CoREST corepressor was shown to be 

required for Lsd1 demethylase activity at CoREST specific promoters, presumably 

because it tethers Lsd1 to the histone H3 tail (Lee et al., 2005b; Shi et al., 2005). In 

contrast, the BHC80 subunit represses Lsd1 demethylase activity on nucleosomal 

templates (Shi et al., 2005). In vitro studies indicate that hypoacetylated nucleosomes 

provide a better substrate for Lsd1 promoted demethylation (Shi et al., 2005). On the 

other hand, demethylated histone is also required for efficient histone deacetylation, 

suggesting an interplay between demethylating and deacetylating enzymes (Lee et al., 

2006). Lsd1 specificity can also be influenced by interaction with other cofactors. 
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When the androgen receptor targets Lsd1 to activate androgen specific genes, Lsd1 is 

able to demethylate both H3K9me1 and H3K9me2. Interestingly, Lsd1 which in vivo 

usually has both H3K4 and H3K9 demethylase specificities was restricted to only 

promoting H3K9 demethylation in the presence of the androgen receptor. 

Consequently, Metzger et al suggested that the androgen receptor modulates Lsd1 

specificity towards H3K9 demethylation (Metzger et al., 2005). Thus, Lsd1 is not only 

restricted to mono- and di-methylated H3K4 histones, but can also promote H3K9 

mono-demethylation under the influence of the androgen receptor. The Lsd1 homologs 

are evolutionarily conserved proteins. The two Lsd1 homologues in S. pombe, Swm1 

and Swm2, interact together in a complex. In vitro and genome wide studies suggest 

that the functions of the Swm1 and Swm2 containing complex are related to those of 

their human counterpart. Lsd1, Swm1 and Swm2 copurify with the PHD protein 

homologues Swp1, Swp2 and the CHD ATPase Hrp1. However, in contrast to the 

human BHC110 complex, Swm1 and Swm2 have not been detected to copurify with 

HDACs (Nicolas et al., 2006). Recently, Swm1 was observed to have H3K4 and H3K9 

demethylase activity redundant with the HDAC Clr3 in transcriptional repression in 

vivo. Thus, although the physical interaction is not conserved, a functional conservation 

between HDACs and HDMs proteins is likely to have arisen (see below) (Opel et al., 

manuscript in preparation). 

 

JmjC domain proteins are decsribed to demethylate histone lysines via a hydroxylation 

reaction. This reaction requires a Fe(II) catalytic reaction center, which is well 

conserved from yeast to human in this protein family (Trewick et al., 2005). In contrast 

to the Lsd1 family, the second class of lysine specific HDMs, JmjC proteins, catalyse 

hydroxylation reactions that can potentially also remove trimethylated lysine from 

histones. Tsukada and colleagues showed that the human JmjC protein preferentially 

catalysed H3K36me2 demethylation both in vivo and in vitro (Tsukada et al., 2006). 

Together these results suggest that histone methylation can be dynamically regulated by 

the opposing actions of histone methyltransferases and histone demethyltransferases in 

biological processes such as transcriptional regulation. 

 
2.2.3 Histone chaperones 
Chromatin is a highly dynamic structure during all phases of the cell cycle (Chen et al., 

2005; Kimura and Cook, 2001). Regulation of histone metabolism and thus DNA 

accessibility is crucial in many nuclear processes. Although many of the molecular 
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mechanisms remain unclear, histone chaperones, often acting in a cooperative manner 

with ATP-dependent remodeling factors, have a central role in regulating histone 

assembly and disassembly. Nucleosome assembly is divided into a DNA replication 

dependent and a DNA replication independent pathway. Replication dependent histone 

assembly is promoted by specialised histone chaperones such as the CAF-1 and the 

RCAF proteins. The histone chaperone Nap1 is likely to have a dual function in both 

RD and RI histone assembly (see below). The three subunit CAF-1 complex is targeted 

to actively replicating DNA via PCNA to promote histone assembly on newly 

replicated DNA (Shibahara and Stillman, 1999). An additional histone chaperone 

complex involved in DNA replication dependent processes is the RCAF complex. 

RCAF consists of ASF1, histone H3 and H4. RCAF is suggested to assist CAF-1 

mediated histone assembly during DNA replication (Tyler et al., 1999).  

     

Several histone chaperone families of proteins are implicated in replication independent 

nucleosome assembly processes which include histone mobilisation mechanisms in 

transcription. Spt6 and Spt16 are histone chaperones acting in transcriptional 

elongation. Spt6 has a unique function, not only contributing to promoter nucleosome 

reassembly upon transcriptional repression, but also reassembling nucleosomes after 

RNA polymerase II has transcribed genes. The Spt6 chaperone is thus required for re-

establishment of a transcriptional repressive chromatin state (Adkins and Tyler, 2006). 

In mammalian cells, Spt16 is associated to SSRP1, together forming the facilitate 

chromatin transcription (FACT) complex (Orphanides et al., 1999). The mechanism 

behind Spt16 facilitated transcriptional elongation was recently shown in vitro to occur 

by destabilising the H2A and H2B histone dimers in front of the elongating RNA 

polymerase II (Belotserkovskaya et al., 2003).  

    

Nap1 is conserved among eukaryotes from yeast to humans (Park and Luger, 2006). 

Two studies in S. cerevisiae reveal that Nap1 mainly exists as a dimmer (McBryant et 

al., 2003; Toth et al., 2005). The Nap1 histone chaperone possesses affinity for all four 

core histones in vitro, but predominantly copurifies with the H2A/H2B histones (Ishimi 

et al., 1984; Ishimi et al., 1987; Ito et al., 1996). Several recent reports indicate that 

Nap1 promotes histone metabolism both dependent on and independent of replication. 

Evidence that Nap1 acts during replication came with findings in Drosophila, human 

and plants showing that Nap1 shuttles to the nucleus concomitantly with the onset of 

the S-phase (Dong et al., 2005; Ito et al., 1996; Rodriguez et al., 2000). In addition, 
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both dNap1 and scNap1 interact with the H2A/H2B importin karyopherin kap114, 

further supporting a function in replication dependent chromatin assembly (Kobor et 

al., 2004; Mosammaparast et al., 2002). In addition to its role in replication dependent 

assembly, Nap1 has functions in replication independent assembly. For example, Nap1 

is implicated in transcriptional regulation in S. cerevisiae. Genome wide transcriptional 

profiling analysis showed that 10% of genes were differentially expressed in the nap1 

mutant (Ohkuni et al., 2003). Additionally, Nap1 has the ability to exchange H2A and 

H3 variants in vitro (Okuwaki et al., 2005; Park et al., 2005). In vitro studies suggest 

that Nap1 acts in a highly similar manner to Spt16 in facilitating displacement of 

histone dimers during transcriptional elongation (Levchenko and Jackson, 2004). 

Providing another link between histone mobilisation and acetylation, ACF nucleosome 

remodeling is required for p300 mediated histone acetylation, resulting in transfer of 

H2A/H2B histones from DNA to Nap1 (Ito et al., 2000). In a later study, Nap1 was 

described to interact with the p300 HAT to cooperatively promote transcriptional 

activation (Asahara et al., 2002). Thus, Nap1 has a potential function in mediating 

transcriptional activation by removing histones in an acetylation dependent fashion. 

The interplay of Nap1 with nucleosome remodeling is not only restricted to ACF. In 

fact, the RSC ATPase acts in concert with Nap1 in a stepwise manner to remove 

histones from DNA templates in vitro (Lorch et al., 2006). Chd1 also promotes 

nucleosome assembly in a cooperative manner with Nap1 in vitro (Lusser et al., 2005). 

Finally, Nap1 is suggested to assist the Swr1 ATPase in exchanging canonical histone 

H2A with the H2AZ variant (Kobor et al., 2004; Mizuguchi et al., 2004). Hence, Nap1 

presumably has the ability to mediate both nucleosome assembly and disassembly in a 

cooperative mechanism together with remodeling factors. Taken together, these data 

indicate that the Nap1 histone chaperone probably has multiple functions in both DNA 

replication dependent and independent nucleosome assembly. 

 

2.3 ATP-dependent chromatin remodeling factors 
In addition to covalent posttranslational modifications, nucleosomes can also be altered 

noncovalently in an ATP-dependent manner by chromatin remodeling factors. These 

biologically important processes are catalysed by several distinct subfamilies of 

proteins termed the SNF2 ATP-dependent chromatin remodeling factors. ATP-driven 

SNF2 remodeling activity can alter the structure, reposition histones in cis by sliding or 

relocate nucleosomes in trans (Langst and Becker, 2001; Lorch et al., 2006; Lorch et 

al., 2001; Lusser and Kadonaga, 2003). Through in vitro studies, remodeling factors 
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relocate nucleosomes in trans (Langst and Becker, 2001; Lorch et al., 2006; Lorch et 

al., 2001; Lusser and Kadonaga, 2003). Through in vitro studies, remodeling factors 



 

22 

have been demonstrated to be partially assisted by histone chaperones in their activity 

(Lorch et al., 2006; Lusser and Kadonaga, 2003; Mizuguchi et al., 2004). 

 

2.3.1 Chromatin remodeling factor families 
The SNF2 chromatin remodeling factors are divided into distinct subfamilies based on 

the sequence of their common SNF2 helicase related domains (Figure 4) (Fan et al., 

2004; Flaus et al., 2006). Remodeling factors are highly conserved in eukaryotic 

organisms and have also been identified in prokaryotes (Flaus et al., 2006). The distinct 

remodeling factor families distinguished by the helicase related domains are also 

implicated in distinct biological functions. In addition to the helicase like domain, 

additional specific domains characterise the different subfamilies. For instance, the 

SNF2 subfamily with the same name as the superfamily contains bromodomains; the 

CHD ATPases have double chromodomains; the Mi2/NURD subfamily contain two 

copies of the PHD domains in addition to the chromodomains; the ISWI family has a 

SANT domain; and the Rad5/16 family possesses a ring finger domain (Flaus et al., 

2006). These non-enzymatic motifs are suggested to function as modules which 

specifically target the remodeling factors to chromatin regions and possibly also have a 

mechanistic role in nucleosome remodeling (see below). Finally, remodeling factors are 

generally part of larger protein complexes which contribute to regulation and provide 

specificity. In summary, the helicase like domain and other domains such as 

chromodomains together with additional interacting proteins contribute to regulation 

and determining the outcome of ATP-dependent remodeling activities. 

 
Figure 4. Phylogenetic tree of 
the SNF2 family of ATP-
dependent remodeling factors. 
The phylogenetic tree is generated 
by multiple sequence alignments 
of full-length helicase like 
domains for respective 
remodeling factor subfamily. A 
grouping of respective subfamily 
is indicated by the different grey 
scales. Reprinted by permission 
from Oxford University Press 
(Flaus et al., 2006). 
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2.3.2 Binding and mobilisation mechanisms 
The helicase superfamily of proteins is defined as motor proteins that utilise ATP 

hydrolysis to translocate unidirectionally along one strand of RNA or DNA. In contrast 

to classical helicases, most of the helicase like domains of the SNF2 superfamily of 

remodeling factors do not possess true helicase activity in unwinding duplex nucleic 

acids (Durr et al., 2006; Singleton and Wigley, 2002). Confirming this notion, 

structural studies revealed that the helicase like domain in the SNF2 superfamily lacks 

a subunit necessary for unwinding DNA and instead basically represents a translocation 

motor (Durr et al., 2005; Grune et al., 2003). Flaus et al observed correlation between 

the remodeling factor subfamilies defined by the basis of the SNF2 helicase like 

domain sequences and involvement in specific functions (Flaus et al., 2006). In support 

of this idea, both in vitro and in vivo studies of human SNF2 and ISWI enzymes 

revealed that different enzyme activities generate distinct nucleosome structures. 

Domain swapping of the helicase like domains showed that the outcome of the 

remodeling was specifically linked to the helicase like domain (Fan et al., 2005a). 

Thus, a major determinant for nucleosome remodeling outcomes catalysed by SNF2 

proteins is likely to be the helicase like domain using unique mechanisms in modifying 

nucleosomes. 

     

The distinct remodeling activities and binding properties for ATP-dependent 

remodeling factors have been further characterised by in vitro sliding assays using 

mononucleosomes, nucleosomal arrays, or by using ATPase activity assays. Recent 

studies suggest that the different binding properties of the helical domains and the 

nucleosomes contribute to the unique chromatin remodeling results. For instance ISWI 

remodeling factors are the only proteins that interact both with the nucleosome and 

linker DNA at two distinct positions (Kagalwala et al., 2004; Schwanbeck et al., 2004). 

In contrast, the SNF2 homolog RSC remodeling helicase domain exclusively interacts 

with internal sites of the nucleosome and not with linker DNA (Saha et al., 2005).  

    

The mechanistical differences between the remodeling families are reflected by the 

characteristic end result of remodeling activity on nucleosomal arrays. Remodeling 

activity by ISWI typically results in evenly spaced nucleosomal arrays important in 

processes associated with DNA replication, whereas SNF2 activity generates a more 

disordered array of nucleosomes to promote transcriptional regulation (Saha et al., 

2006; Varga-Weisz et al., 1997).  
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Regarding effects on mononucleosomes, both SNF2 and RSC possess sliding 

properties to relocate nucleosomes in positions spanning the entire DNA template in an 

ATP-dependent manner (Flaus and Owen-Hughes, 2003; Kassabov et al., 2003). In 

contrast to ISWI, SNF2 ATPases have the unique ability to generate stable DNA loop 

structures on the nucleosomes, in addition to their distinct sliding properties (Cote et 

al., 1998; Fan et al., 2003; Lorch et al., 2006; Schnitzler et al., 1998b). ISWI enzymes 

on the other hand only catalyse the movement of centrally positioned 

mononucleosomes to the ends of the DNA fragment (Brehm et al., 2000). Mi2/NURD 

remodeling factors catalyse the opposite reaction, repositioning nucleosomes located at 

the ends of DNA fragment to the central parts. 

    

An additional feature that distinguishes remodeling factors is the different degrees of 

ATPase activity, dependent on the substrate used in the assay. The SNF2 subfamily of 

remodeling factors such as S. cerevisiae Sth1 and RSC display full ATPase activity on 

free DNA and on assembled nucleosomes, whereas Drosophila Mi2/NURD ATPase 

activity only is stimulated by nucleosomal arrays and not on free DNA or 

mononucleosomes. In contrast to Mi2/NURD and SNF2, the ISWI ATPase requires the 

N-terminal H4 tail region for full ATPase activity. The unique activation of ISWI 

suggests that remodeling activity is regulated by linker DNA (Brehm et al., 2000; 

Clapier et al., 2001; Tsukiyama and Wu, 1995). In summary, remodeling factor 

families are distinguished by their helicase domain as well as by additional 

characteristic domains. As a consequence, they demonstrate distinct binding properties 

and mechanisms in nucleosome remodeling activity. 

 
2.3.3 Nucleosome remodeling mechanisms 
Many different mechanisms have been proposed regarding how ATP-dependent 

remodeling factors promote nucleosome remodeling. It is established that the ATP-

dependent remodeling mechanism is mediated by the central helicase like domain. The 

SNF2 family of helicase like domains consists of two subdomains, namely a tracking 

domain and a torsion domain. These two domains interact with the nucleosome and 

form a cleft with an ATP binding site (Velankar et al., 1999). Perhaps the most 

favoured model describing nucleosome remodeling is the nucleosome looping model. 

This mechanism is initiated by the binding of the two helicase like domains to the 

nucleosome. The tracking domain is anchored at a fixed position on the histone 
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octamer, whereas the torsion domain binds directly to DNA. The torsion domain 

undergoes a conformational change upon ATP hydrolysis and thereby pulls DNA from 

the linker region. The translocation, possibly together with induced twisting of DNA, 

results in transiently detached DNA-histone interactions. In the subsequent step, the 

generated DNA loop re-associates with the histone octamer at a new distal position. 

The net result of the ATP driven DNA looping activity is a translational repositioning 

of the histone octamer relative to DNA. Finally, the torsion domain re-associates to a 

new position and another round of translocation can take place (Figure 5) (Langst and 

Becker, 2004; Saha et al., 2005; Saha et al., 2006; Schwanbeck et al., 2004).  

 

 
Figure 5. The nucleosome looping mechanism. 
ATP-dependent chromatin remodeling factors make contact with both DNA and the histone 
octamer. Through an inch-worm like mechanisms DNA is pulled over the surface of the histone 
octamer by the helicase like domain of the ATPase. The generated DNA loop form new 
interactions with the histone octamer at a distal position. Further ATPase-driven movements of 
the helicase like domain finally result in a net movement of the nucleosome. Reprinted by 
permission from Nature Publishing Group (Becker, 2002) 
 

    

ISWI and SNF2 ATPases are suggested to share the basis for this common looping 

mechanism in chromatin remodeling. However, ISWI remodeling factors with the 

unique property of spacing nucleosomal arrays evenly are likely to depend on specific 

interactions with both the nucleosome and linker DNA. In support for this notion, the 

ISWI specific SLIDE domain interacts with linker DNA and is crucial for ISWI sliding 

activity. ISWI mediated nucleosome sliding on DNA has been shown to progressively 

shorten the linker DNA until the SLIDE domain makes contact with the adjacent 

nucleosome, leading to dissociation of ISWI. New cycles of sliding on the adjacent 

nucleosome will finally generate arrays of evenly spaced nucleosomes (Kagalwala et 

al., 2004).  

   

 The nucleosome looping model is also compatible with SNF2 remodeling resulting in 

histone variant exchange and nucleosome disassembly. Bruno et al proposed that 

further DNA pumping relative to the histone octamer generates larger DNA loop 

formations resulting in disrupted outer H2A-H2B histone-DNA interactions. The 
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extensively broken DNA-histone interactions profoundly destabilise the histone 

octamer and consequently may result in disassembly of histone H2A and H2B from 

nucleosomes. The H2A/H2B induced disassembly might result in further 

destabilisation of the remaining histone H3 and H4 tetramer and consequently 

completely disassembled nucleosomes (Bruno et al., 2003). Thus, it is conceivable that 

the stepwise histone disassembly and histone variant exchange promoted by 

remodeling factors is mediated according to the nucleosome looping model (Lorch et 

al., 2006; Mizuguchi et al., 2004).  

 

2.3.4 Remodeling factor specificity and targeting 
Although some of the remodeling factors demonstrate in vitro DNA binding activities 

to various degrees, specific targeting and recruitment to nucleosomal DNA is proposed 

to be mediated by two main mechanisms. The first targeting mechanism is suggested to 

be mediated by specific interactions between specialised domains and 

posttranslationally modified histones. The second targeting mechanism includes 

interaction with and recruitment by DNA sequence-specific binding proteins. Both of 

these mechanisms could simultaneously contribute to target remodeling factors.  

 

2.3.4.1 Targeting via specialised binding domains  

A broad variety of posttranslational modifications of histones have been shown to 

provide specific binding targets for binding domains of chromatin regulatory proteins 

such as remodeling factors. Two examples of this are the Mi2/NURD and CHD 

families of chromodomain remodeling factors. As described above, the human CHD3 

and CHD4 Mi2/NURD family of proteins consist of two chromodomains arranged in 

tandem and two PHD finger domains. In contrast, human CHD1 and CHD2, which 

belong to the CHD family of ATPases, lack the PHD domains and consist only of the 

two chromodomains (Woodage et al., 1997). The two copies of chromodomains of the 

human CHD1 proteins preferentially interact with di- and trimethylated histone H3K4. 

Structural and biochemical analyses show that the chromodomains cooperatively form 

a binding domain required for H3K4 methylation interaction. This interaction is 

mediated through the highly conserved KWxxW consensus sequence. Since the 

consensus sequence is conserved in the spHrp3, the CHD remodeling factor Hrp3 

presumably also interacts with methylated histones (Flanagan et al., 2005; Sims et al., 

2005). Proteins without this critical binding motif such as human CHD3, CHD4 and 

spHrp1 are not expected to bind H3K4 methylated histones. Consistent with this 
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prediction, human CHD3 protein does not bind H3K4 methylated histones. Instead, 

CHD3 specifically interacts with histones trimethylated on H3K36 via the PHD domain 

(Shi et al., 2006).  

 

The SANT domain is present in the ISWI ATPases together with a broad range of 

additional proteins involved in chromatin regulation. This motif has been shown to 

mediate specific targeting to facilitate subsequent chromatin remodeling activity 

(Cuthbert et al., 2004). The SANT domains of the ISWI ATPases and Ada2 (a 

component of the SAGA HAT complex) are highly similar, indicating a conserved 

function in binding histone H3 tails (Grune et al., 2003). 

    

Similarly, the bromodomain provides a binding module that specifically targets 

bromodomain enzymes to acetylated histone tails. The binding properties of the 

bromodomain are conserved both between organisms and between a wide variety of 

enzymes involved in chromatin modification and regulation (de la Cruz et al., 2005). 

For example SNF2 localisation to promoter regions is dependent both on the 

bromodomains and on histone acetylation mediated by the NuA4 and SAGA 

complexes (Hassan et al., 2002). Thus, specific interactions between specialised 

binding modules and posttranslational modifications target chromatin remodeling 

factors to chromosomal regions. 

 

2.3.4.2 Targeting via transcription factors 

Remodeling factors are also targeted to chromatin by recruitment of sequence-specific 

DNA binding factors. This mode of recruitment is likely to be a general mechanism 

given that it has been observed for all subfamilies of remodeling factors. A well-studied 

example of this is glucocorticoid receptor mediated recruitment of the mammalian 

SNF2 complex to the glucocorticoid response element. Recruitment of the SNF2 

complex has been observed to stimulate remodeling activity on nucleosomes at 

promoter regions (Ostlund Farrants et al., 1997). In support of this observation, hSNF2 

is randomly distributed over the MMTV promoter in the absence of glucocorticoid 

receptor, but is specifically recruited to the promoter in the presence of glucocorticoid 

receptor. Therefore, glucocorticoid receptor is likely to recruit SNF2 to promoter 

regions in a sequence-specific manner (Nagaich et al., 2004). This may be a widely 

used mechanism since the SNF2 complex has been determined to interact with VP16, 

Gcn4 and glucocorticoid receptor activation domains (Wallberg et al., 2000). 
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A similar mechanism to SNF2 recruitment governs recruitment of the ISWI complex to 

meiotic genes by the Ume6 repressor in S. cerevisiae. Ume6 dependent recruitment of 

ISWI to URS1 promoters results in a repressive chromatin state at the promoter 

mediated by ISWI (Goldmark et al., 2000). In addition, ISWI complexes have been 

reported to be recruited by DNA binding proteins such as Cbf1 and NURF301 (Moreau 

et al., 2003; Xiao et al., 2001).  

    

An alternative mechanism in recruiting chromatin remodeling factors might involve the 

transcriptional machinery, given that RNA polymerase II has been suggested to recruit 

SNF2 ATPases to promoters. This hypothesis is based on the fact that several subunits 

of SNF2 and the RSC complex, including the SNF2 ATPase, in both human cells and 

S. cerevisiae, copurify with the RNA polymerase II holoenzyme (Cho et al., 1998; 

Soutourina et al., 2006; Wilson et al., 1996). In summary, chromatin remodeling factors 

can be targeted through interaction between binding modules and posttranslational 

modifications of histones. In addition, they can be targeted through recruitment of 

sequence-specific DNA transcriptional regulators. Finally, it is possible that the SNF2 

subfamily is recruited to promoter regions by the transcriptional machinery.  

 

2.3.5 Regulation of chromatin remodeling activity 
The majority of chromatin remodeling factors have been identified as components of 

evolutionarily conserved multi-subunit complexes, even though some are monomers. 

The additional subunits provide specificity and regulate the activity of the remodeling 

factor enzymes (Bouazoune and Brehm, 2006; Bowen et al., 2004; Corona and 

Tamkun, 2004; Johnson et al., 2005; Vignali et al., 2000).  

 

One such example is the cooperative role mediated by the ACF/CHRAC complex 

consisting of the ISWI enzyme, the PHD and the bromodomain containing protein 

Acf1 in nucleosome remodeling. dISWI and dAcf1 alone demonstrate relatively poor 

nucleosome sliding activity, but together they significantly enhance nucleosome sliding 

and assembly in a cooperative manner (Eberharter et al., 2001; Ito et al., 1999). 

Another level of regulation was discovered when the direction of nucleosome sliding 

was shown to change depending on whether the ISWI protein was used as a monomer 

or as a component of the CHRAC complex in sliding assays (Langst et al., 1999). In a 

later study, Acf1 was identified as the specific component responsible for the change of 
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direction. Furthermore, both in human and Drosophila, the ACF/CHRAC complex 

includes the CHRAC14 and 16 subunits, in addition to the ISWI and the Acf1 core 

subunits. The CHRAC14 and 16 heterodimer is suggested to target Acf1-ISWI by 

binding to DNA and consequently to stimulate Asf1 mediated nucleosome mobilisation 

by weakening DNA-histone interactions (Hartlepp et al., 2005; Kukimoto et al., 2004). 

Exemplified here by the ISWI complex, the specialised and important functions of the 

different subunits contribute to several levels of regulation of chromatin remodeling 

activity.  

 

In addition, chromatin remodeling factors are subject to posttranslational modifications 

changing their activity in mitosis. Both brm and BRG-1 isoforms of SNF2 complexes 

are phosphorylated during entry into mitosis. Phosphorylation of both brm and BRG-1 

ATPases results in inactivation during mitosis and exclusion from condensed 

chromosomes (Muchardt et al., 1996; Sif et al., 1998). Conversely, dephosphorylation 

after completed mitosis reactivates the SNF2 homologues. The repressive effect of 

phosphorylation during mitosis may therefore be necessary for heterochromatin 

formation, since dephosphorylation is crucial for forming active chromatin (Sif et al., 

1998). Another posttranslational modification potentially having a role in regulating 

dISWI during embryogenesis is Gcn5 mediated acetylation (Bouazoune and Brehm, 

2006). In summary, both regulatory co-factors and posttranslational modifications 

regulate chromatin remodeling factor activity. 

   

2.3.6 In vivo functions of the chromatin remodeling factors 
Chromatin remodeling families are involved in a wide variety of different biological 

processes including replication, transcriptional regulation, differentiation and 

chromosome segregation. Although members of the SNF2 superfamily of remodeling 

factors have been shown in vitro to mediate distinct mechanisms in chromatin 

remodeling, several studies suggest overlapping biological functions. The overlapping 

functions of different ATPases include transcriptional regulation of subsets of genes 

(Hasan et al., manuscript in preparation), promoting transcriptional termination (Alen et 

al., 2002) as well as centromere function (Walfridsson et al., 2005). The mechanism 

behind this remains to be clarified, although genetic interactions indicate that the 

remodeling factors act in parallel pathways to regulate chromatin formation (Alen et al., 

2002; Tsukiyama et al., 1999; Xella et al., 2006).  
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2.3.6.1 Functions of the ISWI chromatin remodeling factors 

Putative ISWI remodeling factors have so far been identified in most eukaryotes 

studied (with the exception of S. pombe). Like humans, S. cerevisiae has two genes 

encoding the ISWI enzymes (scIsw1 and scIsw2), whereas Drosophila has only one 

copy (Tsukiyama et al., 1999). Consequently, unlike the S. cerevisiae Isw1 and Isw2, 

the single Drosophila ISWI gene (SNF2h) is essential (Deuring et al., 2000). ISWI 

proteins have a conserved function in vitro to catalyse nucleosome assembly and 

generate regularly spaced nucleosomes. As a result, ISWI ATPases have a central role 

in processes such as gene regulation, replication and development. Genome wide 

expression profiling analysis in S. cerevisiae indicates that ISWI ATPases are primarily 

involved in transcriptional repression by reconfiguring chromatin to a repressive state 

(Fazzio et al., 2001; Goldmark et al., 2000). 

  

Recent studies show that mammalian ISWI ATPases also contribute to chromatin 

assembly during replication. ISWI colocalises to pericentromeric heterochromatin 

which is actively replicated during late S-phase (Bozhenok et al., 2002). In support for 

a role in replication, ISWI is found to be targeted to replication sites by interaction with 

PCNA through the WSTF protein (Poot et al., 2004). The ISWI-ACF1 complex is 

therefore required for efficient progression of replication of pericentromeric 

heterochromatin in mammalian cells (Collins et al., 2002). Thus, ISWI and ACF1 

remodeling activity presumably promotes progression of the replication machinery 

through heterochromatin.  

 

Additionally, the ISWI family of remodeling factors is implicated in maintaining 

chromosome organisation. Mutants of the ISWI complex in Drosophila cause higher 

order structural defects specifically on male X-chromosomes suggested to be 

functionally connected to loss of ISWI assembly function (Badenhorst et al., 2002; 

Deuring et al., 2000). Finally, hISWI also has a potential role in sister chromatid 

cohesion and chromosome organisation by promoting loading of the Rad21 cohesin 

(Hakimi et al., 2002).  

 

2.3.6.2 Functions of the SNF2 chromatin remodeling factors 

The SNF2 subfamily of proteins are characterised by their bromodomains (Horn and 

Peterson, 2001). Similar to other remodeling factors, the SNF2 subfamily of proteins is 

part of large multi-protein complexes shown to regulate and specify activity (Vignali et 
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al., 2000). S. cerevisiae, Drosophila and humans all have two highly conserved genes 

of this family. The SNF2 ATPases regulate various important cellular functions by 

sliding, or by stably alter the DNA interaction with the nucleosomes or even by 

catalysing complete disassembly of the histone octamer (Cote et al., 1998; Fan et al., 

2003; Flaus and Owen-Hughes, 2003; Kassabov et al., 2003; Lorch et al., 1998; Lorch 

et al., 2006; Schnitzler et al., 1998a).  

 

The SNF2 subfamily of complexes is mainly associated with a role in transcriptional 

gene activation in Drosophila (Armstrong et al., 2002). However, genome wide studies 

in S. cerevisiae are consistent with roles of the SNF2 family members in both 

transcriptional repression and activation (Armstrong et al., 2002; Ng et al., 2002b). 

Both SNF2 and the related RSC paralog are required for DSB in S. cerevisiae. Their 

roles are however likely to be distinct since RSC facilitates DSB repair in earlier steps 

compared to SNF2 which becomes associated to the DSB sites later in the process 

(Chai et al., 2005).  

 

Several lines of evidence indicate a specialised and central role for RSC in centromere 

organisation. First, the scRSC ATPase genetically and physically interacts with 

components of the centromere. Second, non-functional scRSC results in altered 

centromere structure, chromosome segregation defects and loss of the 2 micron 

plasmid, raising the possibility that RSC mediated nucleosome remodeling is required 

for faithful propagation of chromosomes (Hsu et al., 2003; Wong et al., 2002). Third, a 

later study showed that scRSC is needed for cohesion loading or maintenance along the 

chromosome arms, but not at the centromere (Huang et al., 2004).   

 

2.3.6.3 Functions of other remodeling factors 

Another interesting group of remodeling factors is the Swr1 like ATPase family (Flaus 

et al., 2006). In addition to Swr1, the Ino80 ATPase family is part of this group. Ino80 

is conserved from yeast to humans and is described to be a component of large protein 

complex named Ino80.com. Ino80 was the first remodeling complex detected to 

possess true helicase activity including DNA strand separation activity. Ino80 

hypersensitivity to DNA damage agents was the first indication of a role in DNA 

damage repair (Shen et al., 2000). Indeed, the scIno80 complex is recruited to DSB by 

interacting with serine129 phosphorylated histone H2B, suggested to facilitate DSB 

repair (Morrison et al., 2004; van Attikum et al., 2004).  
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In a manner highly reminiscent of Ino80, the related Swr1 complex binds to DSB, 

confers hypersensitivity to DNA damage reagents when mutated, and also interacts 

with serine129 phosphorylated histone H2B (Downs et al., 2004). Swr1 ATPases in 

both S. cerevisiae and Drosophila have recently been determined to mediate histone 

variant exchange in the context of transcriptional regulation and DSB repair. The 

Domino ATPase acts in concert with preceding Tip60 HAT acetylation, to mediate the 

exchange of the phosphorylated Drosophila H2A.X histone variant with 

nonphosphorylated H2A.X at DSB (Kusch et al., 2004). Indicative of a conserved role 

in histone variant exchange, S. cerevisiae Swr1 was recently observed to mediate 

histone variant exchange by replacing H2A with H2AZ at promoter regions. Kinetic 

studies indicated that the less stable H2AZ containing nucleosomes may facilitate rapid 

gene activation (Kobor et al., 2004; Krogan et al., 2003; Mizuguchi et al., 2004).  

 

2.4 The CHD and the Mi2/NURD families of remodeling factors 
The highly conserved CHD and Mi2/NURD families of proteins exist in all organisms 

so far studied. As described above, CHD and Mi2/NURD ATPases are distinguished 

from other families of remodeling factors by their two copies of chromodomains. In 

addition to the chromodomains, the Mi2/NURD ATPases (CHD3 and CHD4) contain 

two additional PHD domains (Flaus et al., 2006; Woodage et al., 1997). Both these 

specialised domains contribute to specificity and regulation of remodeling activity (see 

above). Based on sequence differences in the helicase domain, Mi2/NURD and CHD 

ATPases are considered to be highly related but separate subfamilies with distinct 

functions.  

   

 S. cerevisiae has only one gene of the chromodomain remodeling factor families 

encoded in the genome, represented by the chd1 gene, whereas other eukaryotes have at 

least one potential gene of each of the CHD and the Mi2/NURD families (Flaus et al., 

2006). Like other remodeling factors, both CHD and Mi2/NURD remodeling factors 

are components of multi-protein complexes shown to provide additional levels of 

specificity and regulation of ATP-dependent enzyme activity (Bouazoune and Brehm, 

2006; Fujita et al., 2003; Vignali et al., 2000). However, dChd1 is suggested to be 

mainly monomeric, raising the possibility that CHD family of ATPases is not only part 

of large complexes (Lusser et al., 2005). 
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2.4.1 Regulation and specificity of Mi2/NURD and CHD 
Characterisation of the Mi2/NURD complex provided examples of how subunits can 

contribute to specificity and regulation of remodeling activity. The Mi2/NURD 

complex was simultaneously purified in human cells and Xenopus laevis (Tong et al., 

1998; Wade et al., 1998; Xue et al., 1998; Zhang et al., 1998) and later also in 

Drosophila (Brehm et al., 2000). Besides the CHD3 and CHD4 ATPases, a majority of 

the purified subunits are highly conserved. The conserved complex comprises the 

common proteins Rb associated proteins RbAp46 and RbAp48, hHDAC1 and 

hHDAC2 (Rpd3 in Drosophila and Xenopus), MTA protein and MBD proteins.  

    

In vitro studies revealed a previously unknown mechanism whereby Mi2/NURD 

mediated remodeling activity facilitates HDAC deacetylation of histones. This provides 

support for a functional link between histone deacetylation and nucleosome remodeling 

activities (Tong et al., 1998; Zhang et al., 1998). Recently, Bouazoune and co-workers 

reported that Mi2/NURD ATPase activity is stimulated by acetylated histones in 

Drosophila (Bouazoune and Brehm, 2006). One possible explanation for this 

observation is interplay between histone acetylation and deacetylation processes.  

 

The hMBD2 protein is a DNA methyl binding protein determined to recruit the 

Mi2/NURD complex to methylated DNA (Wade et al., 1999; Zhang et al., 1999). The 

MeCP1 complex contains exclusively Mi2/NURD components including MBD2 and 

two uncharacterised proteins. In vitro studies revealed that when the MeCP1 complex is 

recruited to methylated DNA it preferentially binds, remodels and facilitates 

deacetylation of methylated nucleosomes. Partial derepression of DNA methylation 

dependent genes in the Mi2/NURD ATPase mutant indicates that the complex mediates 

transcriptional gene repression. Hence, the MBD2 Mi2/NURD subunit targets the 

complex to methylated DNA regions presumably to mediate transcriptional repression 

by deacetylation of methylated histones (Feng and Zhang, 2001). In addition, the MTA 

protein has a specific role in modulating Mi2/NURD mediated histone deacetylation 

(Zhang et al., 1999). Thus, the subunits of the Mi2/NURD complex contribute to 

additional levels of regulation and specificity in chromatin remodeling. 

 

The Mi2/NURD complex has also been described to be recruited to specific 

chromosomal region by various DNA sequence-specific transcriptional regulators. 

Studies in Drosophila and human cells have demonstrated that the Mi2/NURD 
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complex is recruited by several DNA binding transcriptional regulators such as 

dHunchback, dTramtrack69, hKAP1, hIkaros and hSATB1, to facilitate nucleosome 

remodeling and subsequent histone deacetylation (Kehle et al., 1998; Kim et al., 1999; 

Murawsky et al., 2001; Schultz et al., 2001; Yasui et al., 2002). These transcription 

factors are reported to be involved mainly in transcriptional repression and in 

agreement with this Mi2/NURD activity was found to mediate gene repression (Kim et 

al., 1999; Schultz et al., 2001; Yasui et al., 2002).  

    

In a manner reminiscent of the SNF2 ATPase, the dCHD3 remodeling factor is 

subjected to phosphorylation by the CkII kinase. Dephosphorylation of CHD3 results in 

increased ATPase and remodeling activity, possibly as a consequence of increased 

binding affinity to nucleosomes. However, in contrast to the cell cycle dependent 

phosphorylation of the SNF2 paralogs, CkII dependent phosphorylation of dCHD3 is 

constitutive (Bouazoune and Brehm, 2005; Kim et al., 1999; Schultz et al., 2001; Yasui 

et al., 2002). In summary, the Mi2/NURD complex is subjected to several levels of 

regulation and is functionally connected to acetylation. 

 

2.4.2 In vivo functions of the Mi2/NURD and CHD ATPases 
A majority of reports support a general function of targeting Mi2/NURD to facilitate 

HDAC deacetylation of histone which is crucial for mediating transcriptional 

repression (Kehle et al., 1998; Kim et al., 1999; Schultz et al., 2001; Xue et al., 1998; 

Yasui et al., 2002). The roles described for Mi2/NURD complexes in transcriptional 

repression are in many cases intimately linked to control of differentiation and 

developmental programming. Several lines of evidence support this notion. First, 

Hunchback is suggested to mediate transcriptional repression of homeotic genes by 

recruiting the dMi2/NURD ATPase. Once targeted dMi2/NURD catalyses nucleosome 

remodeling and facilitates deacetylation to form a repressive chromatin state (Kehle et 

al., 1998). Second, Murawsky et al suggested a related model with the Tramtrack69 

repressor which was determined to recruit the dMi2/NURD complex to repress non-

neuronal target specific genes important in nervous system development (Murawsky et 

al., 2001). Third, the human Ikaros gene is a master gene involved in T- and B-cell 

differentiation, and acts by targeting the Mi2/NURD complex to heterochromatin 

regions implicated in lymphocyte differentiation (Kim et al., 1999). Fourth, studies in 

mouse embryonic stem cells provide evidence for a requirement of the Mi2/NURD 

component MBD3 in silencing needed for proper cell differentiation (Kaji et al., 2006). 
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repressor which was determined to recruit the dMi2/NURD complex to repress non-
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Fifth, Mi2/NURD is targeted by SATB1 to mediate deacetylation of histones in 

lymphocytes (Yasui et al., 2002). SATB1 has a critical role in lymphocyte 

differentiation, and acts by tethering and folding of the inter-chromosomal loop to 

promote cell type specific gene expression (Gondor and Ohlsson, 2006). Thus, 

Mi2/NURD is likely to play its principal regulatory role in cell differentiation and 

development by promoting the formation of a repressive chromatin state.  

 

However, Mi2/NURD activity is not restricted to differentiation and development only.  

An alternative function for Mi2/NURD was detected in sister chromatid cohesion based 

on the direct association to the cohesin Rad21 and the ISWI ATPase. This raises the 

possibility that the Mi2/NURD complex acts in concert with ISWI ATPase to facilitate 

cohesin loading along chromosome arms, a process shown to be essential for proper 

sister chromatid cohesion (Hakimi et al., 2002).  

    

The second family of chromodomain ATPases, the CHD family of ATP-dependent 

remodeling factors, is generally implicated in transcriptional gene regulation. In support 

of this, the localization of Drosophila Chd1 to interbands of polytene chromosomes 

suggests a role in activation of transcription (Srinivasan et al., 2005; Stokes et al., 

1996). Similarly, scChd1 is localised to promoters and actively transcribed coding 

regions (Alen et al., 2002; Simic et al., 2003; Tran et al., 2000). Indeed, both mouse and 

S. cerevisiae Chd1 proteins interact with elongation factors such as the FACT 

components, CkII, Spt5, and Rtf1 (Kelley et al., 1999; Krogan et al., 2002). The 

cerevisiae chd1 mutant also genetically interacts with elongation factor mutants (Costa 

and Arndt, 2000; Simic et al., 2003). The role of this factor in elongation is very 

interesting since in vitro studies show that scChd1 promotes transcriptional elongation 

on chromatin templates (Carey et al., 2006). Furthermore, in both S. pombe and S 

.cerevisiae CHD remodeling factors are required for correct transcriptional termination 

(Alen et al., 2002). This may be functionally related to the role reported for scChd1 in 

H3K4me3 methylation and reconfiguration of nucleosomes particularly at 3’-ends of 

genes during transcriptional stress induced by 6-AU (Zhang et al., 2005b). Finally, the 

recently discovered physical interaction between Hrp1 and Gal11 in S. pombe provides 

an interesting link between CHD enzymes and mediator modules. Gal11 is a 

component of the mediator tail submodule in both S. cerevisiae and S. pombe. This 

module might function partially independently of the mediator (Bjorklund and 

Gustafsson, 2005). Kinetic studies indicated that Hrp1 is not only required for efficient 
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transcriptional activation of the inducible Inv1 gene but in addition for H3K4me3 at the 

promoter region (Khorosjutina et al., manuscript in preparation). Its role in 

transcriptional regulation may include a function to facilitate HAT activity given that 

scChd1 copurifies with both SLIK and SAGA HAT containing complexes. The 

interaction is required in vivo for SAGA and SLIK promoter mediated acetylation 

(Pray-Grant et al., 2005). Collectively, these data support a conserved role for CHD 

ATPases acting to reconfigure chromatin in promoter regions to facilitate gene 

transcription. 

 

2.4.5 Chromodomain remodeling factors and disease  
Sera from dermatomyositis patients with Mitchells autoimmune antibodies 2 (Mi2) was 

in 1995 discovered to be specific for a helicase related protein (Seelig et al., 1995). In a 

subsequent study, a subpopulation of the dermatomyositis patients were detected have 

auto antibodies directed against the CHD4 (Mi-2β) remodeling factor. These 

autoimmune antibodies are highly specific for different domains of the CHD 

remodeling factor. Dermatomyositis (DM) is a connective-tissue disease characterised 

by inflammation in muscles and skin, which is manifested as muscle weakness and skin 

rash. Therapy for the disease is palliative and mainly involves treatment with 

immunosuppressive drugs and corticosteroids. Dermatomyositis is connected to an 

elevated risk of developing cancer (Airio et al., 1995; Choi et al., 2006; Hengstman et 

al., 2006; Pectasides et al., 2006). 

    

Another connection between severe diseases and the Mi2/NURD complex involves the 

human MTA3 subunit of the Mi2/NURD complex. MTA3 is a central regulatory 

component in the estrogen dependent pathway important in regulating proliferation and 

differentiation in breast epithelia. Defects in the estrogen regulatory pathway are likely 

to be involved in etiology of breast cancer. Both loss of MTA3 and the estrogen 

receptor increase the risk of tumour invasion and metastasis (Fujita et al., 2003).  

    

Neuroblastoma is a common tumour of the nervous system. Many patients suffering 

from this aggressive cancer do not survive the disease. A small genomic region deleted 

in human neuroblastoma patients is intimately linked to the disease. A member of the 

Mi2/NURD family, human CHD5, is mapped to this region and appears to contribute 

to development of the disease (Thompson et al., 2003).  
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Taken together, these findings provide evidence for a role of dysfunctional Mi2/NURD 

ATPases in development of major diseases. It is therefore crucial to further investigate 

the function of this family of remodeling factors. Improved understanding can help to 

identify novel drug targets and possible strategies for cancer prevention. 
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3 MATERIAL & METHODS 
 
3.1 Immunofluorescence and Fluorescence in situ hybridisation  
Immunofluorescence (IF) analysis is a very useful technique for determining protein 

localisation in vivo and thereby deduce something about the function of the proteins. 

First, immunofluorescence is an advantageous method for determining sub-cellular 

protein localisation in cells. Second, by double fluorescent labelling, IF provides a 

powerful tool to study colocalisation between proteins or other cellular structures such 

as centromeres. Third, immunofluorescence can provide valuable information about 

whether subcellular localisation of the protein is cell cycle dependent. In IF analysis, 

cells are cross-linked with formaldehyde followed by partial enzyme mediated 

digestion of the cell walls. Cells are blocked with Bovine serum albumin or milk 

proteins to reduce non-specific antibody interactions. Generally, to visualise an epitope, 

a primary antibody is added to the fixed cells followed by a secondary dye-coupled 

antibody that recognises the primary antibody. Finally, the immunofluorescent labelled 

cells are studied using a fluorescent microscope. The major difficulty associated with 

IF experiments are non-specific antibody interactions. Therefore, important 

methodological considerations are the use of proper controls for antibody specificity. 

One essential control is to exclude primary antibody to rule out non-specific labelling 

by secondary antibody. Another important control is to immunostain cells lacking the 

epitope (i.e. knockout strains or untagged strains). The first step in reducing the risk of 

non-specific antibody interactions is using highly specific antibodies. This in 

combination with optimised antibody concentrations and blocking will have a positive 

impact on distinct signals and low background. An alternative technique that can be 

used is GFP tagged proteins. GFP-tagged proteins can be visualised directly in the 

fluorescence microscope in living cells. Use of GFP-tagged proteins eliminates the 

problem with non-specific binding of antibodies. However, GFP-tagged proteins often 

result in rapidly bleached signals. In addition, the media in which the S. pombe cells are 

cultured causes background problems due to auto-fluorescence. Another central quality 

control technique in immunofluorescence is quantifying the results using measurements 

and statistical analysis when possible.  

 

The Fluorescence in situ hybridisation (FISH) procedure uses DNA or RNA probes to 

specifically detect complementary DNA or RNA sequences. The probe can either be 
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directly labelled or indirectly labelled. The DNA probes used in this study are labelled 

with digoxigenin-dUTP by nick translation. Cells pre-stained by IF (see above), are 

subjected to low pH to denature nuclear DNA. Next, the cells are hybridised with the 

digoxigenin-conjugated DNA probes and are subsequently visualised by dye-

conjugated α-digoxigenin secondary antibodies. The advantage of using the indirect 

labelling technique is the greater flexibility in choosing dye-conjugated secondary 

antibodies. The disadvantage of indirect labelling may be the increased risk of non-

specific interactions of the secondary antibody. FISH analysis is also subject to 

problematic non-specific interactions. Specificity and background problems can be 

minimised by careful design of the probe. This includes considerations regarding 

appropriate length and binding of the probe and target to provide maximum specificity 

and affinity. These parameters are also influenced by hybridisation conditions such as 

salt concentrations, pH and temperature. An attractive alternative to the indirect 

labelling of DNA probes in the FISH technique described here might be direct 

labelling. In direct labelling techniques the probe is directly labelled with for example 

fluorescent-conjugated nucleotides. The advantage of using this method is the reduced 

risk of non-specific interaction of secondary labelled antibodies. Disadvantages include 

the labelled nucleotides possibily interfering with the binding of probes to 

complementary target sequences.  

 

3.2 Chromatin immunoprecipitation 
Chromatin immunoprecipitation is a powerful method used to determine for example 

protein binding or posttranslational modifications at a specific endogenous region in the 

genome. The relatively fast DNA-protein and protein-protein crosslinking technique 

provides a means to study for example in vivo binding during transcriptional processes, 

as well as replication and changes in environmental conditions at different time points.  

    

The ChIP procedure is initiated by treating living cells with formaldehyde. After the 

cells are lysed the cell extract is sonicated to generate smaller DNA fragments with an 

average size of ~500 base pairs. To enable enrichment of the fixed protein of interest, 

the chromatin extract is subjected to immunoprecipitation. After washing, the 

crosslinking is reversed by heat and DNA is recovered by DNA precipitation. The 

amount of protein bound to a specific genomic region can be determined by 

quantitative PCR amplification. Isolated DNA may be further amplified and 
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subsequently labelled and hybridised to DNA microarrays to create genome wide 

binding maps in a technique called ChIP-CHIP (see below).  

    

Compared to other available in vitro methods, the main advantage of ChIP is a unique 

in vivo procedure to determine binding targets for a specific protein. Since the cells are 

inactivated immediately after being subjected to the cross-linking agent, ChIP provides 

a tool to determine specific binding targets at a particular moment.  

    

The main difficulties with the ChIP technique are high background levels mainly 

caused by low yield, as well as non-specific antibody and bead interactions. Thus, great 

care has to be taken regarding choice of the antibodies and epitopes (e.g. choice of 

epitope tag), to assure high specificity and significant enrichment. All the interactions 

involved are equilibrium reactions and therefore it is essential to determine the relative 

amounts of antibodies and beads yielding maximum enrichment. Another efficient way 

to reduce non-specific binding to beads is pre-clearing. Incubation of the extract with 

beads alone before starting the ChIP experiment will reduce the quantity of proteins or 

DNA that bind non-specifically to the beads. Finally, background can also be reduced 

by optimising the stringency of the washes.  

    

Semi-quantitative multiplex or real time PCR analysis is the method of choice to 

analyse the level of enrichment of protein bound to DNA. For each semi-quantitative 

PCR reaction a negative control primer pair together with a positive control primer is 

used. The negative primer pair is specific for a region to which the protein is not 

expected to bind and vice versa. If a negative control locus is not known an untagged 

strain can be used as a negative control. The PCR primers should have similar length, 

melting point, GC content and PCR efficiency to generate an ideal 1:1 ratio with crude 

DNA as a template. The PCR reactions are performed on crude extract (Input), 

chromatin immunoprecipitated (ChIPed) extract and on the bead only control ChIP. For 

the result to be considered useful, the ChIPed PCR amplified positive control reaction 

must be significantly enriched compared to the negative control. Enrichment of the 

bead control should be negligible compared to the ChIPed enrichment. Finally, it is 

optimal to perform dilution series of the template concentration to avoid saturated PCR 

reactions (Pidoux et al., 2004).  
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An alternative method that offers many advantages compared to conventional semi-

quantitative PCR is qPCR. qPCR uses incorporation of fluorescent dyes to enable real 

time and quantitative measurement of PCR amplification. For each round of PCR, 

additional dye-labelled nucleotides are incorporated into the amplified PCR product 

and monitored. Thus, by measuring the amount of PCR products during the logarithmic 

amplification phase, the original template concentration can be determined with high 

precision. This has a major advantage over conventional PCR since conventional PCR 

is based on end point concentrations, where the reaction might have reached a plateau 

and be saturated. To summarise, these controls provide the necessary means to ensure 

specific enrichment for ChIP. A detailed description of the experimental procedure for 

the ChIP and ChIP-CHIP genome wide methods used in this project are described in 

(Pidoux et al., 2004; Robyr et al., 2002; Walfridsson et al., 2005). 

 

3.3 Microarray analysis 
Microarrays are used to measure mRNA levels, DNA occupied by DNA binding 

protein, protein levels or to characterise the genome (e.g. SNP genotyping, alternative 

splicing and chromosomal rearrangements). The obvious advantage of the microarray 

technique is the genome wide and simultaneous measure of for example transcriptional 

activity or DNA occupancy of a protein.  

    

A broad variety of different microarray platforms exist such as Affymetrix, Eurogentec, 

Codelink, Agilent, Nimblegen and Applied Biosystems. The two types of DNA 

microarray which will be discussed here are the PCR amplified DNA microarray 

manufactured by Eurogentec, and the chemically synthesised, in situ designed DNA 

oligomer tiling and expression profiling microarrays from Affymetrix.  

    

Expression profiling experiments begin with the isolation of total mRNA and labelling 

using fluorophore-conjugated nucleotides during cDNA synthesis. Next, the labelled 

cDNA target is purified and applied to the microarray slides containing the immobilised 

DNA probes and hybridised. Finally, the slides are washed, scanned and quantified. 

    

The Chip-CHIP microarray approach first involves chromatin immunoprecipitation of 

DNA occupied by a DNA binding protein of interest (see above). The isolated DNA is 

PCR amplified in two steps. In the first step, a linker sequences is ligated to both ends 

of the template, followed by a second conventional PCR amplification step. After 
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purification, DNA target labeling is carried out in the appropriate manner depending on 

the platform used. For the Eurogentec platform, Klenow random priming and 

fluorophore-conjugated nucleotides are used to label the DNA samples. Finally, labeled 

DNA is washed, applied and hybridised to the microarray. Using the Affymetrix tiling 

platform, amplified DNA is digested by DNAse I to an average size of 100bp and then 

labeled with biotin. 

    

The main advantages of using DNA microarrays (such as Eurogentec) compared to 

Affymetrix oligonucleotide microarrays are: 1) two colour measurements provide 

greater flexibility in experimental design, 2) exact knowledge of DNA sequence is not 

needed to construct the microarray, 3) relatively low cost, and 4) labelling and 

hybridisation can be carried out in most laboratories. The main advantages of 

Affymetrix microarrays compared to Eurogentec include: 1) high batch-to-batch 

reliability, 2) low risk of cross hybridisation and non-specific interaction between probe 

and target caused by long probes, and 3) higher resolution and coverage. 

    

The main methodological considerations in performing microarray analysis consist of 

different aspects of quality control and optimisation of the different experimental steps. 

Microarray methods are highly sensitive micro-scale technologies. This makes the 

method extremely dependent on the quality of the target sample, the microarray slide 

hybridisation and the washing conditions. First, it is critical to ensure high target 

sample quality. High RNA quality is essential for successful expression profiling 

experiments. Common problems with RNA quality are mainly RNA degradation, and 

excessive amounts of rRNA and other types of contaminations. Ideally the RNA 

sample should be quality controlled by a sensitive chromatography method like Agilent 

bioanalyser analysis. Of equal importance in the ChIP-CHIP method is the quality of 

the DNA target sample, which can be determined by quantitative PCR (see above). 

Second, the same amount of target sample must be applied to the two channel 

microarray slides (Eurogentec). Although dye bias effects can be corrected for by in 

situ normalising of signal intensities, uneven amounts of dye labelled targets might 

introduce errors in the analysis. The best way to avoid this problem is to use a 

fluorospectrometer to measure fluorophore incorporation for each target sample and 

adjust the amount before application to the microarray slide. Third, to generate the best 

possible signal to noise ratio, optimisation of wash and hybridisation conditions is 

required. Over stringent wash or hybridisation will give low signals, whereas 
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inadequate stringency results in higher background and consequently lower signal to 

noise ratios. Finally, it is desirable to control and correct for technical variations and 

backgrounds levels in ChIP-CHIP microarray technology. If available, this can be 

achieved by performing a microarray experiment using a non-tagged negative control 

strain to correct for non-specific signal levels. 

    

There are also several considerations to be made regarding data handling of the 

microarrays. These include standardised scanning procedures, quality filtering of 

quantified data, validation and analysis. The final aim of microarray analysis is to 

generate genome wide data with as high signal to noise ratio as possible, reflecting true 

biological variations. Thus, it is essential to first normalise the generated data in such a 

way that it accurately reflects biological changes. An attractive method is to use a 

normalisation procedure resulting in the highest resolution between known stably and 

differentially expressed genes without signal intensity and spatially systematic errors. 

Ideally, an alternative quantification method should be used to validate the changes 

identified from the genome wide results. For ChIP-CHIP genome wide data, a good 

validation method is conventional ChIP combined with qPCR quantification (Buck and 

Lieb, 2004; Yang et al., 2002). 

 

3.4 In-gel digestion, peptide fingerprint mapping and MALDI-TOF  
In-gel digestion of proteins for peptide fingerprint mapping and MALDI-TOF provides 

a powerful method for identification of small amounts of proteins isolated through gel 

electrophoresis.  

 

In-gel digestion of proteins isolated by gel electrophoresis is accomplished by first 

washing the excised gel piece with acetonitrile to remove denaturating SDS prior to 

protease digestion. Next, the gel piece is dried followed by rehydration with the 

protease of choice to allow the enzyme to be adsorbed into the gel containing the 

proteins. Subsequent to protein digestion, the peptides are isolated and used for mass 

spectrometry analysis. The most widely used protease to generate peptides for mass 

spectrometry is trypsin. The advantage of using the trypsin protease is its high 

specificity and reliability for cutting proteins after the basic lysine and arginine amino 

acids.  
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The main advantages of MALDI-TOF are its high sensitivity and broad molecular mass 

range. Compared to electrospray, MALDI-TOF is less sensitive to contaminating salt 

and buffer conditions. In the mass spectrometry technique, the digested peptides are 

mixed with matrix solution that upon laser beam radiation will assist absorption of the 

energy to ionise the peptide sample. The ionised peptides are accelerated and separated 

by an applied electric field into the TOF spectrometer. The measured time of flight for 

each peptide will be separated by the mass-to-charge ratio (m/z) and thus generate 

distinct peaks in a mass spectrum. This procedure will identify peptides with broad 

molecular masses between 500 and 350000 Dalton.     

    

When the absolute masses are determined for all possible peptides in the mix, peptide 

mass fingerprinting is performed to identify the proteins. The peptide masses 

determined by MALDI-TOF analysis are compared in silico to theoretical peptide 

masses that would result from the relevant protease digestion of encoded proteins in the 

genome.  

 

Due to the high sensitivity of the technique, only very low quantities (<1 pmole) of 

peptide sample are needed to identify the isolated protein at very high accuracy (0.1-

0.01%). Additionally, MALDI-TOF is widely used to identify posttranslational 

modifications and in quantifying protein content. The most critical factor in successful 

identification of the protein of interest is the sample preparation. To achieve best 

results, the sample needs to be purified from high levels of inorganic salt and other 

contaminants that may interfere with first the trypsination step and later with the 

ionization process. The presence of additional proteins in the sample might also 

complicate the analysis. It is also essential to radiate the sample multiple times to 

generate good statistical distribution of the peptide concentrations, since the peptide 

sample is often unevenly distributed on the matrix-plate. Other considerations 

important for the outcome of the analysis are laser intensity, matrix of choice and 

calibration of the MALDI-TOF machine. The mass spectrometry method is further 

described in (Canas et al., 2006; Vestal and Campbell, 2005). 
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4 RESULTS & DISCUSSION 
 

4.1 Paper I 
Chromo domain proteins were first recognised in the Drosophila polycomb gene 

(Canas et al., 2006; Paro and Hogness, 1991; Vestal and Campbell, 2005). This protein 

family has been implicated in an evolutionarily conserved function in heterochromatin 

regulation in a diverse group of proteins such as structural components of 

heterochromatin, ATP-dependent chromatin remodeling factors, histone acetyl 

transferases and histone methyl transferases (Brehm et al., 2004; Eissenberg, 2001). 

Consistent with this, the CHD remodeling factor Hrp3 in S. pombe was demonstrated to 

be required for heterochromatin silencing at the mating type region (Jae Yoo et al., 

2002).  

    

To investigate the role of the Hrp1 CHD remodeling factor in heterochromatin function 

we first performed transcriptional silencing assays at the mating type, telomere, rDNA 

and centromere heterochromatin regions. We found that the hrp1 mutant strongly 

alleviated silencing at the central core and the outer repeats of the centromere, and 

demonstrated a less pronounced effect in the mating type region. The silencing results 

revealed a shared role with the Hrp3 paralog in transcriptional silencing at the mating 

type region, but additionally demonstrated a specific role for Hrp1 in centromeric 

silencing.  

   

Mutant genes displaying silencing phenotypes at the centromere have frequently been 

shown to be important in centromere function and chromosome segregation. 

Centromeres are strikingly similar in all eukaryotes and consist of functionally and 

structurally distinct domains, indicating an evolutionary conservation (Appelgren et al., 

2003; Bjerling and Ekwall, 2002; Partridge et al., 2000). The role of the Hrp ATPases 

at the heterochromatic outer repetitive regions were manifested in hrp1 and hrp3 

deficient cells as hypersensitivity to the microtubule destabilizing drug Thiabendazole 

(TBZ) and elevated levels of lagging chromosomes. The hrp1 mutant also displayed 

asymmetric nuclei in mitosis and reduced levels of the central core specific CENP-A 

homolog. These phenotypes are characteristic of a function at the central core of the 

centromere. However, MNase assays revealed that the central core structure was not 

notably altered in the hrp1 mutant. Hrp1 has previously been reported to be a 

transcriptional termination factor (Alen et al., 2002) but RT-PCR assays indicated that 
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the centromere defects did not originate from defective termination of the small 

centromeric RNA transcript required for heterochromatin formation. Nevertheless, the 

hrp1 and hrp3 mutants displayed phenotypes reflecting a novel role for Hrp remodeling 

factors at both the central core of the centromere and the flanking outer repetitive 

domains of the centromere. In addition, the results suggest that Hrp1 and Hrp3 have 

both shared and distinct roles in centromere function. In order to investigate this, we 

used a combination of ChIP, FISH and genetic studies to assess whether the Hrp1 

dependent effects at the centromere are linked to a specific stage of the cell cycle. Both 

the ChIP and FISH demonstrated that Hrp1 localised to the centromere in a cell cycle 

dependent manner peaking in S-phase. In support of this, the genetic interactions were 

consistent with Hrp1 acting in a pathway to mediate CENP-A loading during S-phase. 

Taken together, the cell cycle dependent localisation and genetic interactions suggested 

that Hrp1 specifically contributed to centromere assembly during replication.  

 

Importantly, both hrp1 and hrp3 mutants display additive chromosome segregation 

defects and growth inhibition when cells are treated with HDAC inhibitors. 

Furthermore, the hrp1 mutant causes significantly elevated histone acetylation levels at 

the central core of the centromere. Thus, Hrp1 presumably acts in parallel with HDACs 

in centromere formation.  

    

How do the Hrp ATPases contribute to centromere assembly and function? We have 

recently uncovered a genome wide role of Hrp1 and Hrp3 in histone disassembly 

intimately linked to HDAC and HAT activity (Walfridsson et al., manuscript in 

preparation). Heterochromatin regions, including the centromere, were identified to 

have the most pronounced effects in histone density. With this in mind, one possible 

role for Hrp1 may therefore be to mediate histone H3 disassembly to facilitate CENP-A 

exchange during replication. This process may be facilitated jointly with HDACs or 

HATs. Another possibility is a function for Hrp1 and Hrp3 to re-establish the chromatin 

state after passage of the DNA replication machinery. This might include mechanisms 

where Hrp1 facilitates histone modifications or histone disassembly required for proper 

centromere reformation. In summary, here we have established a novel in vivo function 

for Hrp ATPases in contributing to centromere assembly and function in a cell cycle 

dependent manner and corresponding with changes in acetylation levels. 
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4.2 Paper II 
In this study, our approach was to determine the genome wide binding targets and 

enzymatic specificity of the different S. pombe HDAC enzymes, in combination with 

expression profiling. This was achieved using cDNA expression profiling and ChIP-

CHIP DNA microarray.  

    

In general, the clr3, clr6, hos2 and sir2 HDACs displayed broad substrate specificity at 

all the measured acetylation sites, suggesting redundant functions in histone 

deacetylation. However, to determine their direct roles in histone deacetylation, 

genome wide binding maps were combined with acetylation changes in the respective 

HDAC mutants. From the analysis it was evident that the HDACs also demonstrate 

specific direct effects in acetylation changes. For example, H3K14Ac is the most 

significant acetylation change at Clr3 binding targets, and H3K9Ac at Sir2 binding 

targets. On the other hand, Clr3 and Sir2 act cooperatively in catalysing deacetylation 

throughout the genome, including the silent regions. 

    

HDACs have previously been considered to be mainly involved in gene repression and 

heterochromatin formation. In gene expression profiling analysis, the HDACs have a 

profound role in gene expression given that ~30% of the genes are differentially 

expressed in the mutants. Hos2 is clearly the HDAC with the most important role in 

gene regulation. The high number of down regulated genes in the hos2 mutant suggests 

that Hos2 is also responsible for promoting gene activation. In further support of a 

stimulatory role of Hos2 in transcription, depletion of hos2 resulted in cells displaying 

increased acetylation with a preference for H4K16Ac in coding regions of highly 

expressed genes. clr3, sir2 and in particular the clr6 mutants were mainly observed to 

be involved in transcriptional repression. In contrast to the overlapping substrate 

specificity in histone deacetylation, the HDACs generally showed non-overlapping 

roles in gene expression. However, sir2 and clr3 demonstrated a significant overlap in 

gene regulation as well, reinforcing their cooperative role. By comparing changes in 

acetylation levels with corresponding genes which are up-regulated in the clr6 mutant, 

we found that Clr6 represses transcription by deacetylation at promoter regions. Taken 

together, this evidence implies that HDACs mainly have a non-overlapping role in gene 

regulation, with the exception of the redundant roles for clr3 and sir2. A specialised 

role for Clr3 was detected given that Clr3, similarly to scHda1, seems to be required to 

keep telomere regions hypoacetylated. Another interesting finding was the role played 
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by Sir2 and Hos2 in histone assembly. Histone density measurements showed that both 

sir2 and hos2 mutants result in regions with mainly decreased histone density, which 

indicate that they have a role in histone assembly. Recently we showed that Clr3 and 

Sir2 genome wide occupancy overlap with both genes showing increased decreased 

histone density levels in the respective mutants (Walfridsson et al., manuscript in 

preparation).  

    

It is possible that the histone density changes discovered in the HDAC mutants are 

responsible for some of the effects on transcription. It is conceivable that these effects 

have regulatory functions in transcriptional processes like initiation and elongation at 

both promoter and coding regions. Histone deacetylation by HDACs may stabilise 

histones and thereby counteract histone mobilisation at promoter regions. Reduced 

histone mobility and a more condensed chromatin template possibly have a general 

repressive effect on DNA accessibility for transcriptional activators or the 

transcriptional machinery. Alternatively, consistent with the histone code hypothesis 

(Jenuwein and Allis, 2001), HDAC activity may generate histone acetylation patterns 

having a direct function in recruiting or preventing recruitment of transcriptional 

regulatory proteins. 

    

Another model was recently presented that may explain HDAC dependent histone 

density, as well as transcriptional and acetylation changes at coding regions. H3K36me 

was shown to be recognised by the Eaf3 chromodomain protein subunits of a HDAC 

Rpd3 complex in S. cerevisiae. Targeting of the Rpd3 complex allowed deacetylation 

of histones in coding regions. The in vivo function of this was reflected when mutants 

of both Rpd3 subunits and Set2 resulted in inappropriate intragenic transcriptional 

initiation. This indicates that histone deacetylation determines the correct site of 

transcriptional initiation (Carrozza et al., 2005; Keogh et al., 2005). A speculative 

possibility is that deactylation in the promoter mediates histone reassembly after 

passage of the RNA polymerase in a process that includes histone chaperones like Spt6 

and the FACT component Spt16 (Svejstrup, 2003). In support for such a model, spt6 

and spt16, both of which are involved in assembly and disassembly during 

transcriptional elongation, also display dysfunctional intragenic transcriptional 

initiation, similar to the set2 and rpd3 mutants (Kaplan et al., 2003; Schwabish and 

Struhl, 2004). The shared phenotypes may provide a functional connection to our 

observed overlap between histone chaperones, remodeling factors and acetylation (see 
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below) (Walfridsson et al., manuscript in preparation). Nevertheless, HDACs are likely 

to play a critical role in contributing to transcriptional regulation and chromatin 

assembly. 

 

4.3 Paper III 
In vitro studies suggest that nucleosome assembly and disassembly are mediated in a 

cooperative manner by ATP-dependent remodeling factors and histone chaperones 

(Lorch et al., 2006; Lusser et al., 2005). In addition, they also have histone metabolism 

activity independent of each other. In this study the Hrp ATP-dependent remodeling 

factors were shown to physically interact with each other and with the histone 

chaperone Nap1. To address the roles of the Hrp ATPases and Nap1 in histone 

metabolism, a genome wide approach was used. ChIP-CHIP genome wide binding 

maps were combined with nucleosome density maps from relevant mutants. The 

analysis revealed that the Hrp remodeling factors and Nap1 shared genomic targets 

with almost exclusively increased nucleosome density in the mutants. The increase in 

histone density is most prominent at promoter regions and particularly at the 

transcriptional start site. This suggests a novel function of the Hrp ATPases and Nap1 

in vivo, namely cooperatively removing histones at close proximity to transcriptional 

start sites.  

    

Highly expressed genes are generally associated with low histone density in yeast 

(Bernstein et al., 2004; Wiren et al., 2005; Wyrick et al., 1999). Indeed, nucleosome 

depletion results in genome wide differential expression of 25% of the genes in S. 

cerevisiae (Wyrick et al., 1999). Therefore we investigated whether the Hrp1 and Hrp3 

dependent changes in histone density are connected to gene expression. We found that 

genes which are down regulated in the hrp1 hrp3 double mutant significantly 

overlapped with coding regions with reduced histone density in the hrp1 mutant. This 

implied that Hrp1 promotes transcriptional activation by removal of histones in coding 

regions. Perhaps Hrp1 has a conserved role reminiscent of the scChd1 homolog in 

mediating RNA polymerase elongation through chromatin (Carey et al., 2006). A 

number of observations support a conserved role for CHD remodeling factors in 

transcriptional elongation. CHD ATPases in S. cerevisiae and mouse cells both 

physically interact (Kelley et al., 1999; Krogan et al., 2002) and genetically interact 

with transcriptional elongation factors (Costa and Arndt, 2000; Krogan et al., 2003; 

Simic et al., 2003). Although not statistically significant, 11% of the up-regulated genes 
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maps were combined with nucleosome density maps from relevant mutants. The 

analysis revealed that the Hrp remodeling factors and Nap1 shared genomic targets 

with almost exclusively increased nucleosome density in the mutants. The increase in 

histone density is most prominent at promoter regions and particularly at the 

transcriptional start site. This suggests a novel function of the Hrp ATPases and Nap1 

in vivo, namely cooperatively removing histones at close proximity to transcriptional 

start sites.  

    

Highly expressed genes are generally associated with low histone density in yeast 

(Bernstein et al., 2004; Wiren et al., 2005; Wyrick et al., 1999). Indeed, nucleosome 

depletion results in genome wide differential expression of 25% of the genes in S. 

cerevisiae (Wyrick et al., 1999). Therefore we investigated whether the Hrp1 and Hrp3 

dependent changes in histone density are connected to gene expression. We found that 

genes which are down regulated in the hrp1 hrp3 double mutant significantly 

overlapped with coding regions with reduced histone density in the hrp1 mutant. This 

implied that Hrp1 promotes transcriptional activation by removal of histones in coding 

regions. Perhaps Hrp1 has a conserved role reminiscent of the scChd1 homolog in 

mediating RNA polymerase elongation through chromatin (Carey et al., 2006). A 

number of observations support a conserved role for CHD remodeling factors in 

transcriptional elongation. CHD ATPases in S. cerevisiae and mouse cells both 

physically interact (Kelley et al., 1999; Krogan et al., 2002) and genetically interact 

with transcriptional elongation factors (Costa and Arndt, 2000; Krogan et al., 2003; 

Simic et al., 2003). Although not statistically significant, 11% of the up-regulated genes 
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in the hrp1 hrp3 double mutant overlapped with Hrp1 dependent increase in histone 

density. Thus, Hrp1 presumably activates transcription by histone eviction at promoter 

regions to promote transcriptional activation.   

 

Histone assembly can occur either during replication defined as the replication 

dependent pathway or outside replication in an independent pathway. In order to 

determine which pathway Hrp1 dependent histone density changes are part of, we 

performed a replication independent assay. Hydroxyurea stalled cells revealed that 

Hrp1 dependent histone removal occur outside S-Phase. In conclusion, Hrp1 removes 

histones at both promoter regions and coding regions to preferentially activate a subset 

of genes. These effects are likely to reflect functions in both transcriptional initiation 

and elongation. 

    

Comparisons between the Sir2 and Clr3 HDAC binding targets with affected histone 

density showed a striking overlap with corresponding Hrp ATPase and Nap1 targets. 

Similarly, a significant overlap was observed for increased histone density in the gcn5 

and mst2 mutants compared to equivalent Hrp and Nap1 targets. Importantly, this 

suggests that the Hrp proteins and Nap1 share targets with HDACs and HATs in 

regulating nucleosome density.  

 

As well as its role in centromere function during replication, Hrp1 remodeling seems to 

have an additional role in mediating transcriptional regulation in a replication 

independent manner. The remarkable overlap between histone density changes in 

HDACs and HATs, as well as the overlap of the Hrp enzymes and Nap1, suggest an 

interplay in nucleosome metabolism. In support of this, several studies indicate that 

nucleosomes assemble and disassemble at both promoter and coding regions in an 

acetylation dependent manner. This is necessary for efficient transcriptional activation 

and elongation for subsets of genes and is likely to involve remodeling factors (Carey et 

al., 2006; Reinke and Horz, 2003; Zhao et al., 2005).  

 

A model presented by Svejstrup may give an explanation of how Hrp remodeling 

factors together with histone modifying enzymes contribute to transcriptional effects 

connected to coding regions. In this model, histones are first acetylated to facilitate 

subsequent removal by histone chaperones like the FACT homolog Spt16 and Spt6 to 

allow passage of RNA polymerase II. After passage of RNA polymerase II, the histone 
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chaperones reassemble the histones. Finally, deacetylation of HDACs occurs, 

suggesting a reset of the chromatin structure. This model provides a functional link 

between rapid acetylation changes, histone chaperones and transcriptional elongation. It 

is also consistent with the findings in our study. First, similar to previous results, we 

have found that the S. pombe FACT homolog Cdc68 co-purifies with the CHD 

remodeling factor Hrp1 (Kelley et al., 1999; Krogan et al., 2002; Walfridsson et al., 

manuscript in preparation). Second, the histone chaperone Nap1 which also co-purifies 

with Hrp1 and Cdc68, is an acceptor of acetylated histones (Carey et al., 2006; Ito et 

al., 2000; Reinke and Horz, 2003; Zhao et al., 2005), and facilitates transcriptional 

elongation in a manner highly reminiscent of FACT (Levchenko and Jackson, 2004). 

Third, the Hrp ATPases together with Nap1 have redundant functions in histone 

metabolism in coding regions (and promoter regions). Hence, one might imagine that 

the Hrp ATPases, histone acetyl modifying enzymes and the histone chaperones have a 

functional interplay in histone metabolism to promote transcriptional elongation. 

    

However, the mechanism by which at least Hrp remodeling factors act in promoter 

regions is likely to be distinct from that in the coding regions. Consistent with this 

notion, histone density affected regions at promoter regions overlap very poorly with 

coding regions in hrp or nap1 mutants (Walfridsson et al., manuscript in preparation). 

Instead, a possible mechanism for the Hrp ATPases is to remove preceded hyper-

acetylated histones at promoter regions upon gene activation. The indicated interplay 

with Nap1 presumably includes a function for the histone chaperone as an acceptor of 

the removed histones. Alternatively, the Hrp ATPases may facilitate histone 

modifications mediated by histone modifying enzymes similar to the Mi2/NURD 

ATPases. In summary, Nap1 and the Hrp remodeling factors demonstrate a strong 

functional link with acetylation and deacetylation enzymes in histone metabolism 

important in transcriptional regulation. 

 

4.4 Paper IV 
Histone methylation has a central role in epigenetic regulation of chromatin structure 

and function. In this study, we investigated the global role of the Lsd1 demethylase 

homolog Swm1 in gene regulation and histone demethylation in S. pombe. In addition, 

we performed biochemical purifications to identify proteins which interact with Swm1. 

In agreement with previous findings in S. pombe, Swm1 and Swm2 copurified with 

each other and together with two conserved PHD domain proteins (Nicolas et al., 
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2006). In contrast to the situation in mammalian cells, the Lsd1 homologues in S. 

pombe did not copurify with HDACs (Lee et al., 2006; Shi et al., 2003). 

    

Lsd homologs are restricted to demethylation of mono- and dimethylated lysines 

through the catalysis of amine oxidation. In vitro studies of H3K4 and H3K9 

methylated histones revealed that affinity purified Swm1 and Swm2 complexes 

preferentially remove methyl groups from H3K9 methylated histones.  

    

To determine the global role of Swm1 in H3K4me2 and H3K9me2 demethylation, a 

ChIP-CHIP genome wide approach was used. Deletion of swm1 in cells resulted in an 

increase of H3K9me2 at 8.2% of the IGR and ORF targets. Ten of the ORF targets with 

increased H3K9me2 were also found to be down regulated in the swm1 mutant, 

indicating that Swm1 activates gene expression by demethylating H3K9me2 at these 

targets. These results are consistent with a role of H3K9me in formation of 

transcriptionally repressive heterochromatin (Hall et al., 2002; Noma et al., 2001). In 

addition, 3.8% of all IGR and ORF targets showed increased H4K4me2 in the swm1 

mutant. This increase was significantly more pronounced for ORF regions. In contrast 

to the down-regulated genes, Swm1 dependent H3K4me2 demethylation significantly 

correlated to upregulated genes in the swm1 mutant. In the light of this, Swm1 histone 

demethylase activity in vivo is likely to have a dual role in mediating both 

transcriptional activation and repression. 

    

The upregulated genes and altered methylation targets in the swm1 mutant were 

significantly shared with corresponding genes in a clr6 HDAC mutant. The functional 

interactions detected between HDACs and Lsd demethyltransferases seem to be 

conserved. Recent results show both physical and functional interactions between Lsd1 

and HDACs involved in gene repression (Lee et al., 2006; Shi et al., 2003). This was 

manifested in vitro  as an interdependency of histone demethylating and deacetylating 

activity, i.e. efficient deacetylation requires preceding demethylation and vice versa 

(Lee et al., 2006). Thus, the functional interactions in gene repression between Clr6 and 

Swm1 are evolutionarily conserved.  

    

Previous affinity purifications of Swm1 and Swm2 identified the CHD chromatin 

remodeling factor Hrp1 as a component of the Lsd1/Lsd2 complex. Although Hrp1 was 

not detected in our Swm1 and Swm2 purifications, both Hrp1 and Hrp3 ORF and IGR 
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genome wide binding targets showed significant overlap with both increased H3K4me2 

and upregulated genes in the swm1 mutant. Again, this provided an association between 

CHD ATPases and histone modifying enzymes, which here include the HDM Swm1. 

Thus, Hrp3 might target Swm1 as well as Hrp1 to chromatin regions with methylated 

histones. Indeed, CHD remodeling factors have been demonstrated to recognise 

methylated histones (Flanagan et al., 2005; Okuda et al., 2006; Sims et al., 2005). Once 

recruited, it is likely that the Hrp remodeling factors facilitate the demethyltransferase 

activity of Swm1. Alternatively, Hrp1 may facilitate histone deacetylation similarly to 

other chromodomain ATPases (Tong et al., 1998; Zhang et al., 1998), shown to be 

required for the subsequent demethylation (Lee et al., 2006). These results imply a 

shared role for the Swm1 demethyltransferase, the Clr6 HDAC and Hrp remodeling 

factors in gene repression in vivo. 
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5 CONCLUDING REMARKS 
 
The highly conserved CHD chromatin remodeling factors are required for fundamental 

biological processes such as gene regulation, centromere function, development and 

differentiation. It has become clear that defects in chromatin remodeling and modifying 

enzymes play causative roles in a number of specific diseases. Subunits of the SNF2 

remodeling complex can act as tumour suppressors in humans and mice (Guidi et al., 

2001; Klochendler-Yeivin et al., 2000). The human CHD4 protein is the human 

dermatomyositis specific autoantigen and patients with this disorder have an elevated 

risk of developing cancer (Airio et al., 1995; Choi et al., 2006; Hengstman et al., 2006; 

Pectasides et al., 2006). A CHD interacting protein, MTA1 is also implicated in breast 

cancer (Fujita et al., 2003). Furthermore, Nap1 which was found to interact with Hrp1, 

was recently implicated in prostate and testicular cancer (Vijayakumar et al., 2006). In 

addition, HDAC inhibitors have been reported to inhibit proliferation of tumour cells 

and are being tested as anticancer drugs in clinical trials. It is therefore crucial to 

understand the functions and mechanism by which the CHD family of proteins 

influences chromatin organisation.  

    

S. pombe, is an excellent model organism to study important cellular processes and 

disease. Many human cancer genes and other disease genes are conserved in S. pombe 

(Wood et al., 2002).  In addition, since S. pombe is genetically well characterised and 

straightforward to manipulate genetically it provides a powerful tool for studying 

biological roles of enzymes such as CHD ATPases. 

    

In this report we have used biochemical, genetic, genome wide, cytological and other 

molecular methods to characterise the functions of the Hrp1 and Hrp3 CHD remodeling 

factors in S. pombe. The main conclusions from this study are: First, that the Hrp1 and 

Hrp3 ATPases have overlapping as well as distinct roles in centromere assembly and 

function. These critical functions of Hrp1 and Hrp3 are manifested as disrupted 

centromere structures and chromosome segregation defects in the mutants. The additive 

mitotic defects in the hrp mutants with potent HDAC inhibitors are consistent with 

interplay between HDACs and the Hrp remodeling factors in centromere function. 

However, Hrp1 plays a specialised role in keeping the centromere hypoacetylated and 

maintaining the histone variant CENP-A at the central core of the centromere. Hrp1 is 
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also localised to the centromere in a cell cycle dependent manner during S-phase. 

Taken together, these results provide support for a role of Hrp1 in mediating CENP-A 

loading during replication. Second, we discovered a novel in vivo association between 

the Hrp ATPases, the histone chaperone Nap1 and regulation of acetylation in histone 

disassembly. In affinity purifications, Hrp1, Hrp3 and Nap1 were determined to 

physically interact. Supporting the physical interaction, genome wide analysis revealed 

that all three proteins are required cooperatively for nucleosome disassembly 

particularly at promoter regions. High correlation between down regulated genes and 

ORF targets with reduced nucleosome density in the hrp mutants suggested that Hrp1 

mediates transcriptional activation by histone eviction in coding regions. By comparing 

genome wide Hrp1 and Hrp3 nucleosome dependent targets with corresponding HAT 

and HDAC targets, it was clear that CHD remodeling and acetylation are functionally 

associated. Thus, Hrp ATPases, histone chaperones and acetylation regulating enzymes 

are likely to have a cooperative role in transcriptional initiation and elongation 

mediated by histone mobilisation activities. Third, the Hrp1 and Hrp3 remodeling 

factors have overlapping functions with the Swm1 histone lysine demethylase. A 

physical link was demonstrated between the Hrp ATPases and histone lysine 

demethylases when Hrp1 and the Swm1/2 complex were shown to copurify (Nicolas et 

al., 2006). Genome wide analysis revealed a significant overlap between changes in 

histone methylation, upregulated genes in the swm1 mutant and the binding targets of 

Hrp ATPases. In addition, these Swm1 data accorded with corresponding data in the 

HDAC clr6 mutant. Thus, the significant overlap between the upregulated genes and 

modification affected in the swm1 and clr6 mutants and Hrp1 occupancy, suggests that 

Swm1 acts in concert with Clr6 and Hrp1 to mediate transcriptional repression.  

 

A crucial question that needs to be addressed is the mechanism behind the functional 

interplay between histone modifying enzymes and CHD remodeling factors. The other 

chromodomain family of ATPases, the Mi2/NURD family, has been demonstrated in 

several in vitro studies to facilitate histone deacetylation (Tong et al., 1998; Zhang et 

al., 1998). However, the CHD remodeling family has so far not been determined to 

facilitate posttranslational histone modifications. Nevertheless, CHD remodeling  

factors are physically and functionally closely linked to histone modifying enzymes 

including HATs (Walfridsson et al., manuscript in preparation; Pray-Grant et al., 2005), 

HDACs (Walfridsson et al., manuscript in preparation; Tai et al., 2003) and HDMs 

(Opel et al., manuscript in preparation; Nicholas et al., 2006). There are several 
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possible models that can explain the mechanisms behind CHD mediated nucleosome 

remodeling and association with histone modifying enzymes.  

    

One attractive possibility is that CHD ATPases recruit histone modifying enzymes and 

by nucleosome remodeling activity facilitate posttranslational histone modifications, 

similar to the Mi2 complex. CHD remodeling activity may facilitate both addition and 

removal of covalent histone modifications. The consequence of the modifications may 

be altered nucleosome stability, or they may provide a binding target for other 

chromatin regulatory proteins. Consistent with this hypothesis, scChd1 has been 

demonstrated to recruit the SLIK complex to methylated histones which are required 

for HAT activity on native nucleosomes (Pray-Grant et al., 2005).  

    

An alternative possibility is that posttranslational modifications mediated by histone 

modifying enzymes function as specific marks to target the CHD ATPases for 

subsequent nucleosome remodeling. In support of this idea, induction of heat shock 

genes and the Pho5 genes in S. cerevisiae is followed by histone acetylation and 

subsequent histone eviction at the promoter regions, suggested to be mediated by 

chromatin remodeling factors (Reinke and Horz, 2003; Zhao et al., 2005).  

    

Currently it is not clear which mechanism the CHD remodeling factors employ to 

regulate chromatin. In either case, once they are recruited to genomic regions, the CHD 

factors remodel nucleosomes via a general ATP-driven helicase like mechanism. The 

outcome of the remodeling process (i.e. histone assembly, disassembly or sliding), is 

presumably determined by other interacting proteins. Consistent with this idea, Hrp1 

and Hrp3 are likely to interact stably or transiently with proteins such as Nap1, Gal11, 

Swm1, HDACs or HATs. Most likely, these histone modifying enzymes act as 

cofactors by regulating both the activity of the CHD remodeling factors and their 

specificity. In summary, CHD ATPases have a critical role in essential biological 

processes and are closely linked to major diseases like cancer. It is therefore critical to 

determine the mechanisms by which these remodeling factors contribute to chromatin 

regulation. 
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Currently it is not clear which mechanism the CHD remodeling factors employ to 

regulate chromatin. In either case, once they are recruited to genomic regions, the CHD 

factors remodel nucleosomes via a general ATP-driven helicase like mechanism. The 

outcome of the remodeling process (i.e. histone assembly, disassembly or sliding), is 

presumably determined by other interacting proteins. Consistent with this idea, Hrp1 

and Hrp3 are likely to interact stably or transiently with proteins such as Nap1, Gal11, 

Swm1, HDACs or HATs. Most likely, these histone modifying enzymes act as 

cofactors by regulating both the activity of the CHD remodeling factors and their 

specificity. In summary, CHD ATPases have a critical role in essential biological 

processes and are closely linked to major diseases like cancer. It is therefore critical to 

determine the mechanisms by which these remodeling factors contribute to chromatin 

regulation. 
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