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Abstract 
 

Chromatin structure is regulated in part by the post-translational modification of 

histones.  Histone methylation is highly conserved amongst eukaryotes, and is arguably 

one of the best characterized indicators of whether a gene is repressed or active. There are 

several unique states of histone methylation, each capable of specific downstream effects 

through the recruitment of highly specific methyl-histone binding domains and their 

associated chromatin-altering protein complexes. Histone H3 lysine 4 tri-methylation 

(H3K4me3) is a well known mark of actively transcribed genes, and co-localizes with 

histone H3 lysine 14 acetylation (H3K14ac), another mark of actively transcribed genes. 

The discovery that H3K4me3 is lost when H3K14 is substituted with another residue, led 

to the possibility of cross-talk between H3K4me3 and H3K14ac. The first part of this 

thesis demonstrates that H3K4me3 is indeed dependent on H3K14ac. Furthermore, we go 

on to show for the first time, that H3K14ac protects H3K4me3 from demethylation by the 

histone demethylase Jhd2. 

Though the mechanisms by which methyl-histone binding domains recognize 

methylated chromatin have been well studied, the specific physiological roles of the 

numerous methyl-histone binding domains have yet to be investigated. Isw1 is a highly 

conserved catalytic subunit of several ATP-dependent chromatin-modifying complexes. 

One of these complexes, Isw1b, has two putative methyl-histone binding domains, the 

PHD finger of Ioc2, and the PWWP domain of Ioc4. The second part of this thesis 

investigates the role that these domains play in the localization of the Isw1b complex to a 

specific region of the genome. Though we were unable to demonstrate a role for the PHD 

finger of Ioc2, we did demonstrate that the PWWP domain of Ioc4 is involved in 
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chromatin localization. Additionally we found that Ioc2’s ability to bind chromatin is 

negatively affected by association with Ioc4 in the Isw1b complex, though the 

significance of this finding has yet to be determined. 
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Chapter 1 - Introduction 
 

1.1 Chromatin 
 

All the genetic information required to build and maintain an organism is 

contained within a set of double helical DNA molecules contained in every cell of that 

organism, with very few exceptions. In humans this information is encoded onto 

approximately 3 billon base pairs (bp) of DNA. If both copies of the 23 chromosomes 

were aligned end to end, they would be over 2m in length. Every living cell, with few 

exceptions, contains the entire genome of its species, which must not only be compacted 

into the confines of a single cell, or nucleus, but must also be organized and regulated. 

This insures that genetic information is available when it is needed. In eukaryotes the 

protein and nucleic acid structure responsible for this packaging is chromatin. 

Chromatin structure was first postulated to regulate access to DNA after the 

discovery of heterochromatin, which is seen as densely staining regions on chromosomes 

that contain, for the most part, transcriptionally inactive DNA. The light staining, actively 

transcribed regions of chromatin are called euchromatin. Additionally there are regions of 

facultative heterochromatin that switch back and forth between heterochromatin and 

euchromatin as needed (Trojer and Reinberg., 2007). The mechanisms involved in 

determining if DNA is packaged in euchromatin or heterochromatin primarily revolve 

around the alterations to the basic structural unit of chromatin, the nucleosome. 

Nucleosomes form the basic structure of chromatin. Each one consists of 147 base 

pairs of DNA wrapped around a core of two copies of each of the four histones H2A, 

H2B, H3, and H4 (Luger et. al., 1997). Two H3-H4 dimers are bridged forming a 
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tetramer, which is flanked by two H2A-H2B dimers. Protruding out of the core 

nucleosomes, past the enwrapped DNA, are the unstructured N-terminal tails of the 

histones (Luger et. al., 1997). This structure repeats approximately every 200bp along the 

DNA molecule of most eukaryotes (Kornberg, 1974) resulting in a 30-40 fold linear 

compaction of the DNA molecule (Luger et. al., 1997). The nucleosome-bound DNA is 

further compacted into the 30nm fiber by a combination of inter-nucleosome contacts 

between the N-terminal tail of H4 with neighboring nucleosomes (Wang and Hayes, 

2008), and histone H1 which binds and structures the inter-nucleosomal linker DNA 

(Thoma et. al., 1979). Additionally, higher order folding structures are formed by a 

variety of inter-strand interactions (Kan, et. al., 2009) (Horn and Pererson, 2002). By 

controlling which regions of DNA are exposed and which are not, these ordered 

chromatin structures represent one of the mechanisms involved in regulating access to the 

genome.  

Even actively transcribed euchromatic chromatin is structured by nucleosomes, 

which would hinder transcription if there were not mechanisms in place to move them 

(Lorch et. al., 1987). Initially histone octamers must be displaced from the DNA in 

promoter regions in order for the subunits of the pre-initation complex to access the 

promoter elemetns (Workman and Kingston, 1998). Then, during elongation, histone 

chaperones must disassemble and remove nucleosomes ahead of the transcriptional 

machinery and reassemble them behind RNA polymerase (Koning et. al., 2007). 

Similarly, chromatin structure plays a role in DNA damage repair, replication, and 

recombination, as all manipulations of DNA in eukaryotes take place within the context 
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of chromatin. Thus understanding chromatin structure and function is an essential part of 

our understanding of eukaryotic genetics. 

Investigation of the nucleosome’s role in the regulation of transcription has 

revealed a vast array of functionally different chromatin altering mechanisms. For 

instance, AT rich regions of DNA seem to be unfavorable for wrapping around 

nucleosomes thus excluding them from these regions (Anderson, and Windom, 2001).  

This is especially evident in the AT rich promoters of Saccharomyces cerevisiae, which 

are predominantly nucleosome free. Furthermore the core histones of a nucleosome can 

be replaced with several variant forms resulting in altered chromatin properties (Sarma 

and Reinberg, 2005). Non-histone proteins can interact with chromatin to either stabilize 

structures, as is the case with the heterochromatin protein one (HP1) (Eissenberg et. al., 

1990), or destabilize structures such as the high mobility group N (HMGN) proteins 

(Bustin, 2001). Also, there are ATP-dependent chromatin-remodeling proteins that utilize 

the energy of ATP to actively move histones around on the DNA, thus exposing or 

covering different DNA segments (Flaus and Owen-Hughes, 2003). Further complicating 

these interactions are the post-translational histone modifications, consisting of small 

molecular additions placed on the core histones. All of these distinct mechanisms have 

been observed to functionally interact with one another resulting in a vast regulatory 

network constantly altering chromatin structure for various purposes and functions. 
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1.2 Post-translational modifications 
 

Histones can be phosphorylated, methylated, ubiquitinated, and acetylated by a 

myriad of different enzymes. Usually, but not exclusively, occurring on the N-terminal 

histone tails (Fig. 1.1). These modifications correlate with various chromatin states and 

interact with chromatin altering mechanisms. The first observed correlation was between  

histone acetylation and active transcription (Hebbes et. al., 1998). Transcriptionally 

active genes are packaged with acetylated histones and the level of histone acetylation 

correlates with the rate of transcription genome-wide. Research into the connection 

between histone acetylation and transcription exploded with the discovery that the yeast 

transcriptional co-activator Gcn5 was a histone acetyltransferase (Brownell et. al., 1996). 

Acetylation of the basic lysines on the tail of histone H4 disrupts its inter-nucleosomal 

contacts inhibiting the formation of the 30nm fiber (Wang and Hayes, 2008), thus making 

the chromatin more accessible to transcriptional machinery. Additionally some chromatin 

remodeling enzymes that aid active transcription recognize acetylated histones and 

remain localized to these regions (Hassan et. al., 2002). Similar correlations with 

transcription are observed with other histone modifications, including histone H3 lysine 4 

and lysine 36 methylation. 

Closer investigation of the correlation between histone modifications and actively 

transcribed DNA revealed that these modifications are targeted, not only to actively 

transcribed regions, but to specific parts of actively transcribed genes. This was 

determined by mapping the precise localization of acetylated and methylated histones 

across the entire Saccharomyces cerevisiae genome and demonstrated that certain 

modifications such as acetylation and some forms of methylation occur at the promoter 
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Figure 1.1 Post-translational modifications of human histones 
 
Schematic of the sites for acetylation, methylation, phosphorylation, and ubiquitination 
on Human histones. Adapted from Bhaumik et al. 2007. Nature Struct. Molec. Biol. 14 
p.1008  
 

 

Figure 1.2 Localization of post-translational histone modifications of an actively transcribed gene 
 
Schematic representation of the abundance of histone modifications on an average 
transcribed gene in yeast.  The grey bar represents the entire transcribed unit and the 
arrow the transcriptional start site.  Adapted from Pokholok et al., 2005. Cell, 122 p.517. 

A   M 
|   | 
K56 K79 
|   | 

| | |  |   |   |  |  

   A    A                 A        

 |||   ||||  |  ||    |  |||       |  

    |      | ||    |   |  

|   |   |   |   

Acetylation 
Methylation 
Phosphorylation 
Ubiquitination 

PEPAKSAPAPKKGSKKAVTKAQKKDGKKRK 

    A      A PA    A   A  

H2B

P M A  A   A   A  M  

SGRGKGGKGLGKGGAKRHRKVLRDNIQGIT H4 

 MPM   MMPP  A  MA    A  MMP       M  

ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVK H3 

P   A   A   A   

SGRGKQGGKARAKAKTRSSRAGLQF H2A

KAVTKYTSS

U
 | 
 

LGRVTIAQGGVLPNIQAVLLPKKTESHHKAK

UP  
 ||  

H3K14ac / 
H3K4me3 
 
H3K4me1 
 
 
H3K36me3 
 

Active Gene

 

 



 6

and 5’ region of transcribed genes, while other forms of methylation occur at the 3’ 

region, or equally spread across the entire coding region (Pokholok et. al., 2005; Fig. 

1.2). Similar mapping of mammalian post translational modifications (Wang et. al., 

2009), as well as other higher eukaryotes (Schübeler et. al., 2004) (Schneider et. al., 

2003) and even Arabidopsis thaliana (Zhang et. al., 2009), has demonstrated that these 

trends have been conserved through evolution. 

A great deal of cross-talk has been observed between various histone 

modifications, which may help maintain correlative and anti-correlative associations of 

the modifications with each other. Cross-talk occurs on several levels, the simplest being 

that of H3K9, which is methylated in repressed chromatin and acetylated in active 

chromatin (Zhang et.al., 2002) (Fischle et. al., 2003). H3K9 cannot be both methylated 

and acetylated, and thus these marks are never found together. Another layer of cross-talk 

is the ability of one modification to inhibit or promote another. Again, using H3K9me as 

an example, once this repressive modification has been established, the non-histone 

protein HP1 is recruited to the site of methylation, which in turn recruits a histone 

deacetylase complex that removes acetylation from the neighbouring nucleosomes 

(Yamada et. al., 2005). There are numerous examples of cross-talk between histone 

modifications. Of particular importance to this thesis is the relationship between H3K4 

methylation and H3K14 acetylation, which will be discussed in subsequent sections. 
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1.3 Histone methylation 
 
 Histone methylation does not alter the charge of the methylated residue in the 

manner that acetylation and phosphorylation do, and unlike ubiquitination (8564 Da per 

ubiquitin), methylation results in a very minor change in mass of the residue (14 Da per 

methyl group). Yet, despite the seemingly benign nature of methylation, it is the most 

complex modification currently observed. Both lysines and arginines can be methylated, 

each with three different methylation states. Lysines can be mono-, di-, or tri- methylated, 

while arginines can be mono-, symmetrically di-, or asymmetrically di- methylated 

(Turner, 2005). Furthermore, methylation can correlate with a variety of chromatin 

structures and functions, depending on the methylation pattern of specific histone 

residues. For instance H3K4me3 peaks at the promoter of actively transcribed genes 

(Barski et. al., 2007), while H3K36me3 localization tends to peak near the 3’ end of 

actively transcribed genes (Pokholok et. al., 2005). The complexity and specificity of the 

various methylation marks can be attributed to the highly specific, and tightly regulated, 

methytransferase enzymes that place them. 

 Transcription-associated histone methylation is best characterized in S. cerevisiae.  

There are three yeast histone residues that undergo methylation; H3K4, H3K36, and 

H3K79. Each is methylated by its own individual methyltransferase; Set1, Set2, and Dot1 

respectively. Dot1 and H3K79 methylation function primarily to protect actively 

transcribed genes from the telomeric-silencing Sir proteins (Ng et. al., 2002). H3K4me3 

is catalyzed by Set1, a component of the COMPASS complex, which is localized to the 

promoters of actively transcribed genes due to its interaction with serine 5 

phosphorylated C-terminal domain (CTD) of RNA polymerase II (RNAP II) (Krogan et. 
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al., 2003). Serine 5 is phosphorylated by Kin28, a TFIIH-associated kinase, during 

transcription initiation.  When RNAP II transitions to an elongating form, the kinase Ctk1 

phosphorylates serine 2 of the CTD and serine 5 phosphorylation is lost. As this happens 

COMPASS disassociates form RNAP II and Set1 can only di- or mono-methylate H3K4, 

resulting in a gradient of H3K4 tri-, to di-, to mono-methylation across the 5’ end of the 

transcribed gene (Wood et al., 2006). Furthermore, when Ctk1 phosphorylates serine 2 of 

the RNAP II CTD, Set2 becomes associated with the elongating polymerase, and begins 

methylating H3K36 (Krogan et. al., 2003). This results in a counter gradient of H3K36 

methylation that starts as light mono-methylation near the 5’end of the gene, and peaks as 

tri-methylation at the 3’end of the actively transcribed gene (Barski et. al., 2007; 

Pokholok et. al., 2005).  

H3K4 methylation is a dynamic mark that is actively removed, and this removal 

has been associated with transcriptional repression, though the involved mechanisms are 

still under investigation. The recently discovered histone demethylases may be 

instrumental for the dynamic nature of histone methylation. Characterized by Shi et. al. in 

2004, LSD1 was the first enzyme shown to be able to remove methylation from histones. 

LSD1 is a conserved protein capable of removing methyl groups from mono- and di-

methylated lysines, specifically H3K4 (Shi et. al., 2004). Later the Jumonji C (JmjC) 

domain family of proteins were found to demethylate the histones of S. cerevisiae, which 

lack an LSD1 homologue (Tsukada et. al., 2006). These JmjC domain histone 

demethylases (JHDM’s) can specifically demethylate histone lysine mono-, di-, and tri- 

methylation. One JHDM, Jhd2, has been shown to be capable of demethylating histone 

H3K4 in vitro. Deletion of the gene encoding Jhd2 however results in only subtle 
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increases in global H3K4me3 levels and thus the contribution of this JHDM in 

maintaining H3K4me3 levels is unclear.   

1.4 Methyl-lysine binding domains 
 
 The specificity of the downstream effects resulting from various methylation 

marks is accomplished by proteins that contain methyl-lysine binding domains (MBD). 

These domains are targeted to specific methylation marks and carry with them associated 

chromatin-modifying enzymes. The MBD families that have been characterized so far 

include; chromodomains, double chromodomains, tudour domains, double tudour 

domains, tandem tudour domains, malignant brain tumour domains (MBT), WD40 

repeats, PWWP domains, and PHD fingers. All but the PHD fingers belong to the Royal 

super family of MBDs (Taverna et. al., 2007; Wang et. al., 2009). They bind methyl-

lysines in a binding pocket known as an aromatic cage, held together by a β-sheet barrel 

like structure (Jacobs and Khorasanizadeh, 2002), whereas the PHD finger relies on a 

zinc finger to hold together its aromatic cage. 

The aromatic cage of the royal family usually consists of 3 to 4 aromatic residues, 

and can be supplemented with an acidic residue for the purpose of hydrogen bonding. 

Highly methylated lysines, tri- and di-, are recognized by cages located in surface 

grooves, allowing more room for the large methyl-lysine. These cages mainly rely on the 

cation-π interaction between the positively charged tri- or di- methylated lysine and the 

aromatic residues. Lower methylation states, mono- and di-, are recognized by deep 

pocket insertion aromatic cages. This allows for steric exclusion of the larger tri-methyl 

lysines. Additionally these cages often employ the supplemental acidic residue to form 

hydrogen bonds with the methyl-lysine (Taverna et. al., 2007). The royal family of 
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MBDs also bind the neighboring residues of the unstructured N-terminal histone tail by 

an induced fit mechanism, thus imparting lysine specificity on the MBD (Taverna et. al., 

2007).These combined interactions result in binding affinities in the micro molar range 

(Kd ~ 2-30 µM) (Taverna et. al., 2007).  However, due to the fact that chromatin 

modifying protein complexes often contain multiple domains capable of binding 

modified histones, it is possible that these domains work together in a multivalent fashion 

in order to increase the binding affinity of the overall complex. 

PHD fingers bind methyl-lysines through an aromatic cage, in much the same 

way that the royal family of MBDs do, only the aromatic cage is held together with a 

very different structure. The PHD finger (Plant Homeodomain) is a zinc finger held 

together by the inter-chelation of two zinc ions between 7 cysteines and a histidine. Most 

of the PHD fingers characterized so far bind very specifically to H3K4me3 (Mellor, 

2006). However, there are a few PHD fingers with other specificity (Shi et. al., 2006), 

including one, BHC80, that is specific for unmethylated H3K4 (Lan et. al., 2007). 

Similar to the royal family, the PHD fingers have micro-molar dissociation constants but 

are often found in complex with other domains that bind histone modifications, and may 

work in a multivalent fashion (Mellor, 2006; Shi et. al., 2006). 

1.5 The ISW1 chromatin remodeling complexes 
 

Isw1 (Imitation SWitch) is an ATP-dependent chromatin-remodeling protein that 

actively slides nucleosomes along DNA to expose or conceal different regions of the 

DNA. Study of Isw1 has focused on its role in gene activation and repression, although 

deletion of ISW1 has relatively little effect on genome-wide gene expression (Lindstrom 

et. al. 2006). The impact of deleting ISW1 becomes more evident when combined with 
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the deletion of one of the other chromatin-remodeling protein-encoding genes such as 

ISW2, SWI2, RSC, CHD1, INO80, or SWR1. This is due to gene-specific functional 

interplay between the various chromatin-remodelers (Erkina et. al. 2010).  

In addition to genetically interacting with a variety of partners, Isw1 is important 

for both gene activation and repression by sliding nucleosomes either away from or over 

top of promoter sequences respectively (Erkina et. al. 2010). In fact, Isw1 is associated 

with both active and repressed MET16 (Morillon et. al. 2003). All of these diverse roles 

for Isw1 are regulated by incorporation of Isw1 into distinct complexes that associate 

differently with other chromatin-related proteins, and chromatin itself. 

There are three forms of Isw1 that perform different roles in the cell. Independent 

Isw1 has no strong binding partners and is required for silencing of RNA polymerase II 

transcribed genes in the ribosomal DNA locus (Mueller and Bryk. 2007). How Isw1 is 

targeted to ribosomal DNA is unknown.  It may be through the SANT and SLIDE 

domains on Isw1, which interact with chromatin (Pinskaya et. al. 2009), or it may be 

through some unidentified binding partner. Isw1a is a complex of two proteins; Isw1 and 

Ioc3 (Isw One Complex 3) and was identified by TAP purification of Isw1 followed by 

mass spectrometry (Vary et. al. 2003). This complex is associated with repression of 

inducible genes (Pinskaya et. al. 2009). Additionally it has appeared in TAP purifications 

of Mot1, a protein that dissociates TBP from DNA, as well as Rpd3, a HDAC that 

represses cryptic transcription initiation (Mellor and Morillon. 2004). Ioc3 has no known 

chromatin binding domains, but may be responsible for interactions with other 

chromatin-binding complexes, thus differentiating Isw1a activity from other forms of 

Isw1.  
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The third form of Isw1 is the Isw1b complex, identified along with the Isw1a 

complex (Vary et. al. 2003), consisting of Isw1, Ioc2, and Ioc4. This complex is 

associated with activation of inducible genes, and is believed to facilitate transcription 

elongation and termination (Morillon et. al. 2003). Ioc2 and Ioc4 both contain a single 

putative MBD, a PHD finger and PWWP domain respectively. Like many of the MBDs 

of yeast, the PHD finger of Ioc2 and the PWWP domain of Ioc4 have not actually been 

demonstrated to bind methylated histones. However, it has been shown that Isw1 

localization to chromatin is strongly influenced by histone methylation (Santos-Rosa et. 

al. 2003; Morillon et al. 2005), and thus we propose that the MBDs of Isw1b may play a 

role in the localization of Isw1b. 

1.6 Summary of research hypotheses 
 

H3K4me3 and H3K14ac co-localize through-out the yeast genome, which may 

suggest that one modification mediates the establishment of the other. However, loss of 

SET1, the sole H3K4 HMT, does not result in a significant loss of acetylation. In section 

3.1.2 of this thesis we show that methylation of H3K4 is dependent on H3K14ac. 

Additionally, time course studies of histone post-translational modifications have shown 

that H3K4me3 is lost after loss of histone acetylation when histone deacetylase inhibitors 

are removed from a cell culture (Nightingale et. al. 2007). This led us to hypothesize that 

histone acetylation present at the promoters of actively transcribed genes protects the 

H3K4me3 mark from demethylation. We tested this hypothesis in section 3.1.3 of this 

thesis, and demonstrated that histone acetylation protects chromatin from demethylation 

by the histone demethylase Jhd2. 



 13

Isw1 is a chromatin-remodelling protein that performs a variety of tasks in 

association with different complexes. Furthermore, Isw1 preferentially localizes to 

specific actively transcribed genes that bear H3K4 and K36 methylation. This led us to 

hypothesize that Isw1b, which contains two MBDs, depends on these domains for 

localization. We tested the dependence of Isw1b on the PHD finger of Ioc2 in section 

3.2.2.2 of this thesis, and on the PWWP domain of Ioc4 in section 3.2.2.3 of this thesis. 

In doing so we demonstrated the methyl-binding capability of Ioc4’s PWWP domain, as 

well as identified a negative effect that association with Ioc4 has on Ioc2’s ability to bind 

chromatin. 
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Chapter 2 - Materials and Methods 
 
Table 2.1 Yeast Strains Used in This Study  

Strain Mating type Genotype 
BY4741∆∆∆ Mat a his3∆1 leu2∆0 met15∆0 ura3∆0 SAS4TAP::HISMX6 
BY4741 (186) Mat a his3∆1 leu2∆0 met15∆0 ura3∆0 SAS4TAP::HISMX6 jhd1::KANMX 
BY4741 (4031) Mat a his3∆1 leu2∆0 met15∆0 ura3∆0 SAS4TAP::HISMX6 gis1::KANMX 
BY4741 (6165) Mat a his3∆1 leu2∆0 met15∆0 ura3∆0 SAS4TAP::HISMX6 rph1::KANMX 
BY4741 (6922) Mat a his3∆1 leu2∆0 met15∆0 ura3∆0 SAS4TAP::HISMX6 jhd2::KANMX 
BY4741 (7408) Mat a his3∆1 leu2∆0 met15∆0 ura3∆0 SAS4TAP::HISMX6 set1::KANMX 
BY4741 (761) Mat a his3∆1 leu2∆0 met15∆0 ura3∆0 SAS4TAP::HISMX6 ecm5::KANMX 
FY602 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 
yIJ27 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc2::HISMX6 
yIJ28 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 
yIJ29 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 
yIJ31 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 isw1::HISMX6 
yIJ37 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 jhd2::KANMX6 
yIJ51 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ada2::HIS3 sas3::HISMX6 jhd2::NATMX4 
yIJ57 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ura3::pIOC2-6HA.406 

yIJ63 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 ura3::pIOC2-
6HA.406 leu2::pRS405 

yIJ64 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 ura3::pIOC2-
6HA.406 leu2::pIOC4.405 

yIJ65 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 ura3::pIOC2-
6HA.406 leu2::p.ioc4P21A.405 

yIJ66 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 ura3::pRS406 
leu2::pIOC4-6HA.405 

yIJ67 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 
ura3::pIOC2.406 leu2::pIOC4-6HA.405 

yIJ68 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 
ura3::pIOC2D574A.406 leu2::pIOC4-6HA.405 

yIJ69 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 
ura3::pIOC2D574A.406 leu2::p.ioc4P21A-6HA.405 

yIJ70 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 ura3::pRS406 
leu2::p.ioc4P21A-6HA.405 

yIJ71 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 
ura3::pIOC2.406 leu2::p.ioc4P21A-6HA.405 

yIJ73 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 
ura3::pIOC2.406 leu2::pIOC4.405 ISW1TAP::TRP 

yIJ74 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 
ura3::pIOC2.406 leu2::pIOC4-6HA.405 ISW1TAP::TRP 

yIJ75 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 ura3::pRS406 
leu2::pIOC4-6HA.405 ISW1TAP::TRP 

yIJ76 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 
ura3::pIOC2D574A.406 leu2::pIOC4-6HA.405 ISW1TAP::TRP 

yIJ77 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 
ura3::pIOC2.406 leu2::p.ioc4P21A-6HA.405 ISW1TAP::TRP 

yIJ78 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 ura3::pRS406 
leu2::p.ioc4P21A-6HA.405 ISW1TAP::TRP 

yIJ79 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 
ura3::pIOC2D574A.406 leu2::p.ioc4P21A-6HA.405 ISW1TAP::TRP 

yIJ80 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 ura3::pIOC2-
6HA.406 leu2::pIOC4.405 ISW1TAP::TRP 

yIJ81 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 ura3::pIOC2-
6HA.406 leu2::pRS405 ISW1TAP::TRP 

yIJ82 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ioc4::KANMX6 ioc2::HISMX6 ura3::pIOC2-
6HA.406 leu2::p.ioc4P21A.405 ISW1TAP::TRP 

yIJ83 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 set1::HISMX6 ura3::pIOC2-6HA.406 
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Table 2.1 Yeast Strains Used in This Study  
Strain Mating type Genotype 

yIJ84 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 set2::TRP ura3::pIOC2-6HA.406 
yIJ85 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 set2::TRP set1::KAN ura3::pIOC2-6HA.406 
yIJ86 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 leu2::pIOC4-6HA.405 
yIJ87 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 set1::HISMX6 leu2::pIOC4-6HA.405 
yIJ88 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 set2::TRP leu2::pIOC4-6HA.405 
yIJ89 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 set2::TRP set1::KAN leu2::pIOC4-6HA.405 

yIJ90 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63(hht1-hhf1)::LEU2 (hht2-hhf2)::HIS3 Ty912δ 
35::his4 pHHF2.hht2K14Q.314 

yIJ91 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63(hht1-hhf1)::LEU2 (hht2-hhf2)::HIS3 Ty912δ 
35::his4 pHHF2.hht2K14R.314 

yIJ92 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63(hht1-hhf1)::LEU2 (hht2-hhf2)::HIS3 Ty912δ 
35::his4 pHHF2.hht2K14A.314 

yLH104 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 gcn5::HIS3  
yLH106 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 sas3::HISMX6  
yLH146 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 ada2::HIS3 sas3::HISMX6  
yLH220 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 set1::HISMX6 

yLH224 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63(hht1-hhf1)::LEU2 (hht2-hhf2)::HIS3 Ty912δ 
35::his4 pHHF2.HHT2.314 

yLH353 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 set2::TRP 
yLH354 Mat a his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 set2::TRP set1::KAN 
  

Table 2.2 Plasmids Used in This Study 
Plasmid Description Reference 

pHHT2.314 HHT2-HHF2 locus on pRS414 vector Martin et al. 2006 

phht2K14A.314 substitution mutation K14A of H3 on pHHT2 Choi, J. 

phht2K14R.314 substitution mutation K14R of H3 on pHHT2 Choi, J. 

phht2K14Q.314 substitution mutation K14Q of H3 on pHHT2 Choi, J. 
pFA6a-HisMX6 HisMX6 cassette on pFA6a vector Longtine et. al. 1998 
pFA6a-KanMX6 KanMX6 cassette on pFA6a vector Longtine et. al. 1998 
pAG25-NatMX4 NatMx4 cassette on pAG vector Goldstein and McCusker 1999 
pRS405 pRS. Vector that integrates into leu2∆1 Sikorski and Hieter 1989 
pRS406 pRS. Vector that integrates into ura3-52 Sikorski and Hieter 1989 
pBS1479 Vector containing TAP purification cassette with TRP marker Puig et. al. 2001 
pIOC2.406 IOC2 locus on pRS406 vector This study 
pIOC2-6HA.406 6HA tag cassette cloned onto 3' end of IOC2 in pIOC2.406 This study 
pioc2D574A.406 substitution mutation D574A of IOC2 on pIOC2.406 This study 
pIOC4.405 IOC4 locus on pRS405 vector This study 
pIOC4-6HA.405 6HA tag cassette cloned onto 3' end of IOC4 in pIOC4.405 This study 
pioc4P21A.405 substitution mutation P21A of IOC4 on pIOC4.405 This study 
pioc4P21A-6HA.405 6HA tag cassette cloned onto 3' end of ioc4P21A in pioc4P21A.405 This study 
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2.1 Preparation of yeast whole cell extracts 
 
 Yeast were inoculated from plates into 10ml YPD cultures and grown to an OD600 

of 0.8 to 1.0. For confirmation of expression in ChIP conditions, 10ml -met cultures 

(Hartwell’s complete medium –methionine, 0.5% glucose) were used instead. Cells were 

pelleted by centrifugation (2844 X g, 3min), washed 1X with 5ml deionized water, 

resuspended in 1ml dH2O and transferred to pre-weighed 1.6ml microfuge tubes. Cells 

were then pelleted again and supernatant removed by pipette. The pellets were then 

weighed and resuspended in dH2O to 200µg/µl. Sixty microlitres of suspension was 

transferred to a new 1.6ml microfuge tube where NaOH was added to a final 

concentration of 182mM. The suspension was then incubated at room temperature for 

15min, followed by the addition of 70µl of 3X SDS solvent (360mM Tris-HCl pH 6.8, 

18% SDS, 54% Glycerol, 20% β-mercaptoethanol, 0.06% Bromophenol Blue) and 40µl 

of 5X electrophoresis buffer (125mM Tris, 1.25M Glycine, 0.5% SDS). The mixture was 

boiled for 5min, and then centrifuged for 5min at 14550 X g.  The soluble material 

represented the yeast whole cell extract. 

2.2 Western blot of non-histone proteins 
 
 Five microlitres of whole cell extract was loaded onto a 12% poly-acrylamide gel 

and run at 120V until dye front was at the bottom of the gel. The protein was transferred 

to a nitrocellulose membrane using a BioRad Mini Trans-Blot Electrophoretic Transfer 

Cell at 30V overnight at 4oC. The membrane was then blocked with 1% BSA in PBS-T 

(137mM NaCl, 2.68mM KCl, 10.1mM Na2HPO4, 1.76mM KH2PO4, 0.1% Tween-20,  

and adjust to pH 7.4) for 1h, shaking at room temperature. Afterwards the primary 
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antibody was added (Applied Biological Materials Inc. Anti-HA Mouse Monoclonal 

Antibody cat. # G036, Clone HA.C5, 1:1000 in PBS-T) and incubated for 1h at room 

temperature while shaking. The membrane was then washed 3X in PBS-T for 5min each, 

followed by incubation with secondary antibody [LI-COR IRDye 800CW Goat anti-

Mouse IgG (cat. # 926-32210), 1:25000 in PBS-T] for 30min at room temperature while 

shaking. The membrane was then washed 4X 5min in PBS-T and imaged using the LI-

COR Odyssey Infrared Imaging system. 

 To confirm expression of HA-tagged proteins in ChIP conditions (Fig. 3.7) the 

primary antibody used was a horse radish peroxidase conjugated anti-HA antibody 

[Roche Anti-HA-peroxidase, High Affinity (3F10) (cat. # 2013819), 1:1000 in PBS-T]. 

No secondary was needed, and the blot was imaged using Thermo Scientific Super Signal 

West Femto Maximum Sensitivity Substrate (cat. # PI34096). 

2.3 Western blot of histone proteins 
 
 Ten microlitres of whole cell extract was loaded onto a 10% poly-acrylamide gel 

and run at 120V until the the dye front was at the bottom of the gel. The gel was 

equilibrated for 30min. in 62.5 mM Tris pH 6.8, 2.3% SDS and the protein was transfered 

to a nitrocellulose membrane in transfer buffer (25 mM ethanloamine/glycine pH 9.5 

20% methanol) using Bio Rad Mini Trans-Blot® Electrophoretic Transfer Cell at 30V for 

1h at room temperature. The membrane was then blocked with 5% milk in PBS-T for 1h, 

shaking at room temperature. Afterwards the primary antibody was added [our in house 

anti-H3 antibody, or Active Motif anti histone H3 trimethyl Lys4 Rabbit pAb (cat. # 

39159), 1:1000 in PBS-T] and incubated for 1h at room temperature while shaking. The 

membrane was then washed 3X in PBS-T for 5min each, followed by incubation with 
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secondary antibody [LI-COR IRDye 680 conjugated Goat polyclonal anti-rabbit IgG (cat. 

# 926-32221), 1:50000 in PBS-T] for 30min at room temperature while shaking. The 

membrane was then washed 4X 5min in PBS-T and imaged using the LI-COR Odyssey 

Infrared Imaging system. 

2.4 Plasmid shuffle for histones 
 
 To generate strains of yeast expressing mutated forms of histones we started with 

the parent strain (yLH224: MATa his3∆200 leu2∆1 lys2-128∆ ura3-52 trp1∆63 

(hht1-hhf1)::LEU2 (hht2-hhf2)::HIS3 Ty912δ 35::his4) that only has one copy of the 

genes encoding histones H3 and H4 (HHT2 and HHF2 respectively) on a pRS416 vector 

(Sikorski and Hieter 1989) which contains an URA3 gene. Next we transformed in the 

TRP1-based plasmids pHHF2.HHT2.314, pHHF2.hht2K14A.314, 

pHHF2.hht2K14Q.314, and pHHF2.hht2K14R.314, which encode H3, H3K14A, 

H3K14Q, and H3K14R respectively along with H4. Selection was performed by plating 

on synthetic media lacking tryptophan. Successful transformants were replica-plated onto 

5-FOA plates (0.1% of 5-fluoroorotic acid) that selects against yeast expressing the 

URA3 gene. Surviving colonies were then replica-plated onto –Trp synthetic media as 

well as –Ura synthetic media and Trp1+ Ura3- colonies were chosen for use in 

experiments. 

2.5 Generation of parent strain for designer Isw1b complexes 
 
 The genes IOC2 and IOC4 were deleted from wild type S288C Saccharomyces 

cerevisiae using PCR-based gene deletion (Ausubel 1987). Knock out cassettes were 

created as follows. Forward primer TATTTTACTCATACACACTGGCTAATCAT-
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ATATAGATACAAAGCGGTGAATCAGCGATCGCGGATCCCCGGGTTAATTAA, 

and reverse primer ATGAAGAACCAGTTGATATATATTTTACTATATACTTT-

TGCTGTGTATTTCTATATGAGGGAATTCGAGCTCGTTTAAAC were used to PCR 

amplify the HISMX6 region from pFA6a-HisMX6 (Longtine et. al. 1998). This cassette 

was used to knock out IOC2. The cassette used to knock out IOC4 was created by PCR 

amplifying the KanMX6 region of pFA6a-KanMX6, using forward primer 

TAAGAATTGACGAAGAAATTGTTAACTACATTTTTCAGAACGGCGTGTCATT-

CTCCGATACGGATCCCCGGGTTAATTAA and reverse primer TAGTTTTAGTCT-

ATTTTATAGTACACAGGTTTCCCCTCTATTGTTCAAAAGCAGAGTACAGAAT-

TCGAGCTCGTTTAAAC (Longtine et. al. 1998). His+ Kan+ colonies, confirmed as 

ioc2∆ ioc4∆ by PCR, were used for experimentation. 

2.6 Plasmid construction for designer Isw1b complexes 
 
 IOC2 was cloned into the EcoRI site of the multiple cloning site of pRS406 

(Sikorski and Hieter 1989). IOC2 was PCR amplified from S288C genomic DNA 

(Ausubel 1987) using forward primer GCATTAAAGCTTGATTTGT-

GTTCACGTCCAGC which anneals 523 bp downstream of the gene and adds an EcoRI 

restriction site to the end of the PCR product, and reverse primer 

TGGCAAAAGCTTACTTCTAGGTCCACTTGAGC which anneals 249 bp upstream of 

the gene and also adds an EcoRI restriction site to the end of the PCR product. The PCR 

was done in 50µl reactions using Pfu Ultra (Stratagene cat# 600382-51) (1X Pfu Ultra 

Buffer, 250µM dNTP’s, 5nM forward primer, 5nM reverse primer, 2µg genomic DNA, 

0.05 Units Pfu Ultra, diluted in miliQ water). The PCR program used was: 950C 1min, 

followed by 29 repeats of 95oC for 30s, 55oC for 30s, and 72oC for 2min 20s. IOC4 was 
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cloned the same way except utilizing the HindIII site in the multiple cloning site of 

pRS405, using forward primer TACCAAAAGCTTTTTCAAGAACCGCA-ACAAGG 

(682 bp upstream), and reverse primer ACAGACAAGCTTTACA-

GCACAGTCTAGGTGAG (152 bp downstream). pIOC2.406 was then integrated into 

the ioc2∆ ioc4∆ strain as needed by digestion with NcoI and integration into the ura3-52 

gene. pIOC4.405 was integrated by digestion with BsrGI and integration into the leu2∆1 

gene.  

 Site directed mutagenesis was used to generate mutant ioc2D574A. First PCR was 

used to generate a mega primer for the 5’ end of the gene from the clone. The forward 

primer used was the same one used to clone the gene, and the reverse primer used was 

CACCTGTAACAATGAGCACAGCATATCAATG, which spans the region to be 

mutated and replaces the D574 GAT codon with the alanine codon GCT. This was done 

using the same 50µl Pfu Ultra PCR reaction as the initial cloning step. The 3’ end 

megaprimer was created in the same manner using the forward primer 

CATTGATATGCTGTGCTCATTGTTACAGGTG, which spans the same region as the 

reverse primer of the 5’ megaprimer and induces the same mutation, with the reverse 

primer used for cloning. These two PCR products were gel purified and then pooled 

together to be used as template in a third PCR reaction. A final 50µl Pfu Ultra PCR 

reaction was prepared using the initial cloning primers and 1µl of pooled megaprimer as 

template, and run using the PCR program 950C 1min, followed by 29 repeats of 95oC for 

30s, 55oC for 30s, and 72oC for 4min. 

The same was done to generate ioc4P21A only using GTTCATTA-

GGGATAATCATTGCAGCCCATGCTGAAAAGCCTTTAAC as the reverse primer of 
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the 5’ end, and GTTAAAGGCTTTTCAGCATGGGCTGCAATGATTATCCC-

TAATGAAC as the forward primer for the 3’end. The mutant genes were then cloned 

into pRS406 and pRS405 and then integrated into the parent strain as needed, exactly as 

was done for the vectors containing wild type genes. 

 To 6-HA tag the Ioc subunits, vectors were created that would add the tag to the 

3’ end of any gene subcloned in-frame with with a SacII site. To generate this vector, a 

cassette that had a SacII site joined in-frame to 6 repeats of the HA encoding gene 

followed by a stop codon, CYC1 terminator was PCR amplified from our plasmid p410 

using the forward primer TAGGACGATACCGCGGTCCGGTTCTGCTGCTAG 

containing a SacII site, and the reverse primer TACGAGTTCAGAGCTC-

CAGCAGGCCTCTCAATAGAG that adds a SacI site to the end of the PCR product. 

The cassette was then cloned into the multiple cloning sites of both pRS406 and pRS405 

using SacI and SacII. The IOC2, IOC4, and ioc4P21A were then PCR amplified from the 

untagged plasmids using a T3 forward primer and either 

AAGCCTCAGACCGCGGGTTGGTTGGTGGGAACTG for IOC2 or, AAGCCTCA-

GACCGCGGTGCTCCTACTTTGCTTTC for IOC4 and ioc4P21A. These reverse 

primers replaced the stop codons on the 3’ ends of the genes with a SacII cut site in frame 

with the gene. The PCR products were then cloned into the desired 6-HA vector using 

SacII and SmaI. The resulting 6-HA tagged gene expressing vectors (pIOC2-6HA.406, 

pIOC4-6HA.405 and, pioc4P21A-6HA.405) were then integrated into the parent strain as 

needed in the same manner as the vectors containing wild type genes. 
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2.7 Chromatin immuno-precipitation 
 
 For each strain used in an experiment three 50ml cultures were grown in –met 

synthetic media to an OD600 0.8. Cells were then cross linked by shaking at room 

temperature after the addition of 1.35ml formaldehyde for 30min. Cross linking was 

stopped by the addition 1g glycine and a further 15min of shaking at room temperature. 

The cells were then washed 2X with cold PBS, pelleted, and stored at -80oC. 

 For each cell pellet 110µl of Invitrogen Dynabeads Protein G (cat# 100.03D) 

suspended in PBS was prepared. Twenty-five microlitres of bead slurry was washed 3X 

with PBS. Two micrograms of Anti-HA High Affinity Rat monoclonal antibody [Roche 

(clone 3F10) cat# 11 867 423 001] was added along with 11µg of BSA and the final 

volume was adjusted to 110µl with PBS. Beads were prepared the day before needed and 

rotated overnight at 4oC. 

 To extract chromatin form the frozen cell pellets, the pellets were thawed on ice 

for 20min then resuspended in 300ul of lysis buffer [(50mM HEPES pH 7.5, 140mM 

NaCl, 500µM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, and freshly added 

1mM PMSF, 1mM Benzamidine, 0.02 tablet/ml Roche complete protease inhibitor 

cocktail tablet (cat#11 697 498 001)]. The suspension was then vortexed on the disrupter 

genie with 500µl of glass beads at 4oC for 20min. The lysate was transferred to new tubes 

and sonicated on high in a Diogenode Biorupter water bath sonicator, 30s on 30s off for 

10min at 4oC. Four hundred microlitres of lysis buffer was added to each sample 

followed by centrifugation at 21885 X g for 10min at 4oC. Six hundred microlitres of 

supernatant was transferred to a new tube and vortexed thoroughly. One hundred 

microlitres was transferred to a new tube and saved on ice as input DNA, the remaining 
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500µl was mixed with 100µl of magnetic beads and rotated at 4oC for 3hr. The beads 

were washed 2X with 1ml cold lysis buffer, followed by 2X with 1ml lysis buffer with 

500mM NaCl, then 2X with freshly prepared lithium buffer (10mM Tris-HCl pH 8.0, 

250mM LiCl, 0.6% NP-40, 0.5% Na-deoxycholate, 1mM EDTA, 1mM PMSF, 1mM 

Benzamidine, and 1X Roche cocktail), then finally once with 1ml 1M TE pH 8.0. One 

hundred microlitres of 10% (wt/vol) chelex 100 was then added directly to the beads. The 

slurry was then vortexed and boiled for 10min. The samples were cooled and 1µl of 

20mg/ml proteinase K was added to each sample. The samples were incubated for 30min 

at 550C with brief vortexing every 10min. Samples were boiled and briefly centrifuged to 

pellet the beads and chelex resin. Eighty microlitres of supernatant was transferred to a 

new tube and the remaining beads were resuspended in 120µl of dH2O. The suspensions 

were vortexed, briefly centrifuged, and the resulting supernatants pooled with the 

previously collected 80µl of supernatant and vortexed. This DNA was used for real time 

PCR. 

 The cross-links between the proteins and DNA from the input samples were 

reversed by overnight incubation at 65oC. Next 120µg of proteinase K was added to each 

sample which were then incubated at 37oC for1hr. Afterwards 96µl of 5M LiCl and 2µl 

of 20mg/ml glycogen were added to the samples and the samples were vortexed. The 

DNA was phenol chloroform extracted with 500µl of phenol/ chloroform/isoamyl alcohol 

(25:24:1). The supernatant-containing DNA was collected from vortexed extractions after 

10min of centrifugation at 21885 X g. The DNA was ethanol precipitated from the 

supernatants using 1ml EtOH at -20oC for 1h followed by centrifugation at 16800 X g for 

10min. The pellets were then washed once with 70% EtOH and dried with a Savant DNA 
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speed vac. Afterwards the pellets were incubated at 37oC for 30min in 60µl of 666 µg/ml 

RNase A, followed by the addition of 60µl of dH2O, and then frozen at -20oC. 

2.8 Real time PCR 
 
 A 25µl PCR reaction was set up for each DNA sample (20mM Tris-HCl pH 8.8, 

10mM KCl, 10mM (NH4)2SO4, 2mM MgSO4, 0.1% Triton X-100, 0.2nM dNTPs, 

0.89nM forward primer CGAATCGGCTGGCTTCAT, 0.89nM reverse primer 

CATTCCACACAACCCGTCAA, ) in white 8 tube PCR strips. The reactions were then 

run on an Applied Biosystems Step One Plus Real-Time PCR system with the program 

95oC for 3min followed by 40 repeats of 95oC 15s, 60oC 20s, and 72oC 1min. Ct values 

from the amplification curves were compared to a standard curve to determine 

concentration of the PCR templates. The concentrations of template in the 

imunoprecipitates were divided by concentrations of template in the input to generate a 

relative signal strength in arbitrary units. 

2.9 Generation of TAP tagged Isw1 
 
 After generating strains expressing designer Isw1b complexes the ISW1 gene was 

TAP tagged as described in Puig et. al. 2001. The TAP tag cassette was amplified from 

pBS1479 using primers Upstream A GTTGGTAGCAGAGAAAATTCCGG-

AAAACGAAACCACTCATTCCATGGAAAAGAGAAG, and downstream B 

AGGATATATTAAAAAAAATCGAAATATAAAAAAAGAAGGTTACGACTCACT

ATAGGG. 
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2.10 Purification of Isw1 
 
 Fifty millilitre YPD cultures of yeast were grown to an OD600 of 1 at 30oC. Cells 

were pelleted and washed once in sdH2O, pelleted then transferred to a 1.6ml microfuge  

tube, pelleted and frozen at -80oC. Pellets were then thawed on ice in 350µl of EX350 

buffer (20mM HEPES pH8.0, 350mM NaCl, 0.1% Tween-20, and freshly added 1mM 

Benzamidine, 1mM PMSF, 50X Roche Cocktail), and resuspended. Seven hundred and 

fifty microlitres of glass beads were added to each suspension, which were then vortexed 

for 3min in a vortex genie. The cell lysates were then transferred to a new tube and 

centrifuged at 21885 X g for 5min at 4oC. Five hundred microlitres of supernatant was 

collected from each lysate and used for purification after a 5µl “input” sample was 

collected and stored on ice. 

 To pull down the TAP tagged protein, 20µl of Dynabeads pan mouse IgG 

(Invitrogen cat# 110.41) was prepared for each sample by washing 3X with 400µl of 

EX350 buffer. Four hundred microlitres of each collected lysate was then transferred to 

separate tubes containing washed resin. The resin and lysate were incubated at 4oC for 2h 

while rotating. The resin was washed 4X with EX350 buffer then resuspended in 40µl of 

3X SDS buffer (180mM Tris-HCl pH 6.8, 18% SDS, 54% Glycerol, 20% 2-

mercaptoethanol, 0.06% bromophenol blue). At this time the input extract on ice was 

suspended in 45µl of 3X SDS buffer. All the samples were boiled for 5min and used for 

western blots. 
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Chapter 3 - Results 

3.1 A novel H3K4me regulatory pathway 
 

Tri-methylation of lysine 4 on histone H3 (H3K4me3) is a post-translational 

modification that correlates with the 5’ end of actively transcribed genes (Pokholok, et al. 

2005). The current model for H3K4me3 deposition readily explains this observed pattern. 

H3K4me3 is deposited by Set1 of the COMPASS protein complex when in association 

with Rpb1, the largest subunit of RNA Pol II, which has been phosphorylated on the 5th 

serine of its C-terminal heptapeptide repeat (S5). S5 of RNA Pol II is phosphorylated 

during initiation of transcription, which is subsequently lost, along with COMPASS 

association, during elongation. This results in a co-localization of RNA Pol II CTD S5P, 

COMPASS, Set1, and H3K4me3 with the 5’ end of actively transcribed genes (Wood et 

al. 2007). 

In addition to S5 phosphorylation of RNA Pol II localizing Set1, the Shilatifard 

lab found that several residues on the N-terminal tail of H3 were also required for 

H3K4me3 (Nakanishi et al. 2008). This was found using a library of mutant yeast strains, 

each containing a single alanine substitution for one of the residues of the four core 

histones. Western blots were prepared using whole cell extracts from each strain and 

probed for the presence of H3K4me3 using an H3K4me3 specific antibody. The five 

residues required for H3K4me3 were H3R2, T3, K4, Q5, and K14. K4 is required as it is 

the site of methylation. R2 has been shown to be required for regulation of COMPASS 

activity (Kirmizis et al. 2007, and Guccione et al. 2007). T3 and Q5 are immediately 

adjacent to K4 and mutations of these may mask the epitope recognized by the anti-

H3K4me3 antibody or alter the substrate recognized by the COMPASS complex. K14 on 
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the other hand lies ten residues away from the site of methylation and, interestingly, is 

acetylated at the 5’ end of actively transcribed genes. 

Due to the spatial correlation of H3K4me3 and H3K14ac at the 5’ end of active 

genes, and the observed dependence of H3K4me3 on the H3K14 residue, we endeavored 

to test the hypothesis that H3K4me3 is dependent on H3K14ac. Furthermore we intended 

to investigate how the loss of H3K14ac could possibly lead to a loss of H3K4me3. 

3.1.1 K14 is required for H3K4me3 
 
 We first confirmed the result observed by the Shilatifard lab by creating our own 

mutant H3 strains and testing for H3K4me3. Owing to the redundancy of HHT1 and 

HHT2, the two copies of the gene encoding histone H3, the plasmid shuffle technique 

was employed to create yeast strains that express various mutant forms of histone H3. 

This was done by deleting HHT1 and HHT2 in a strain containing HHT2 on a plasmid 

along with the URA3 gene. We then transformed in another plasmid containing a 

hht2K14A mutation along with a TRP1 gene and plated the strains on 5-fluoroorotic Acid 

(5-FOA) plates to select against the URA3 HHT2 plasmids (Boeke et al. 1984). This 

results in a strain of yeast expressing only plasmid born mutant hht2K14A.  

 Whole cell extracts were prepared from the hht2K14A strain as well as a strain 

expressing wild type HHT2 off a similar plasmid, and normalized by cell pellet weight. A 

western blot of the extracts was probed with an H3K4me3-specific antibody, to detect 

global levels of H3K4me3. We observed a loss H3K4me3 in the hht2K14A strain 

confirming published results (Fig. 3.1, lanes 5 and 6 compared to lanes 7 and 8).  

 
 



 28

 
 
Figure 3.1 Mutation of lysine 14 on histone H3 reduces the levels of tri-methylation 
on lysine 4 of histone H3. 
 
 Whole cell extracts were prepared from yeast strains expressing their sole histone H3 
from plasmid born HHT2, or a mutant version of the HHT2 gene. Western blot analysis 
was performed using anti-H3K4me3 antibodies. Each whole cell extract was prepared 
from independent cultures normalized by cell weight. 

        k14R              k14Q             k14A             WT 

H3K4me3

   1         2         3        4         5        6           7         8 
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Contrary to the results obtained by the Shilatifard lab, where a K14A mutation abolished 

all detectable H3K4me3, we observed a residual H3K4me3 signal in our K14A mutant. 

We later found that this was due to our antibody cross reacting with H3K4me2 which is 

still present in an H3K14A strain (Nakanishi et al. 2009).  

We then performed the same experiment using hht2K14R and hhtK14Q, which 

mimic the charge of an un-acetylated and acetylated lysine respectively, in order to test if 

it is the positive charge of the lysine that is required (Fig. 3.1, lanes 1-4). The 

diminishment of H3K4me3 in the K14R and K14Q mutants further demonstrated the 

importance of K14 for H3K4me3, while the similar effects observed between the 

positively charged K14R and the uncharged K14Q indicates that the necessity of the 

lysine residue is not due to charge effects. 

3.1.2 Deletion of K14 acetyltransferases results in loss of global H3K4me3 
 
 As mentioned previously H3K14 can be acetylated by histone acetyltransferases 

(HAT’s). Interestingly H3K14ac placement strongly correlates with the 5’ end of actively 

transcribed genes, much the same way as H3K4me3 (Pokholok et. al. 2005). Therefore 

we hypothesized that the importance of H3K14 for H3K4me3 was its ability to be 

acetylated. To test this we deleted SAS3 and GCN5, the genes encoding the catalytic 

subunits of the H3-specific acetyltransferases (Table 1), thus inhibiting the yeasts ability 

to acetylate H3K14. Whole cell extracts were prepared from the two mutant strains as 

well as a wild type strain, normalized by weight of cells used to make the extract. A 

western blot using H3K4me3 specific antibody was then performed using the extracts in 

order to see the effect that deleting the HAT’s had on total H3K4me3 levels. Both sas3∆ 
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and gcn5∆ strains have reduced global levels of H3K4me3 supporting our hypothesis 

(Fig. 3.2, compare lanes 3 and 4 with 5).  

Our next step was to create a yeast strain that lacked H3K14ac completely. 

Unfortunately sas3∆ and gcn5∆ are synthetically lethal when knocked out together due to 

the role of Gcn5 in acetylating Rsc4, a subunit of the essential RSC nucleosome complex 

(Choi et al. 2008). However all the Gcn5 containing HATs posses an Ada2 subunit that is 

essential for their ability to acetylate histones, but not Rsc4 (Table 1). ada2∆ strains have 

the same levels of H3K14ac as gcn5∆ strains thus ada2∆ strains can be used in place of 

gcn5∆ strains when working with H3 acetylation (Howe et.al. 2001). Hence we were able 

to create a sas3∆ ada2∆ strain that was viable yet, lacked all H3K14ac. An H3K4me3 

western blot performed with extract from this strain showed an even more profound loss 

of global H3K4me3 levels providing yet more support for a link between H3K14ac and 

H3K4me3 (Fig. 3.2, lane 2). Interestingly one of the proposed methods of action for 

acetylation of histone lysines is the neutralization of its positive charge. However this is 

unlikely the case here as hht2K14Q mutants, which mimic the neutral charge of an 

acetylated lysine, and an hht2K14R mutation, which mimics a positively charged 

unacetylated lysine, both result in a loss of H3K4me3 (Fig. 3.1 lanes 1 - 4). Thus 

H3K14ac is required for H3K4me, and the mode of action is not through charge 

neutralization.  
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Table 3.1 Histone Acetyltransferase complexes in Saccharomyces cerevisiae 
 

HAT 
Complex 

Catalytic 
Subunit 

Substrate 
Specificity 

ADA Gcn5p H3 

SAGA Gcn5p H3 

SLIK Gcn5p H3 

HAT-A2 Gcn5p H3 

NuA3 Sas3p H3 

NuA4 Esa1p H4 

SAS Sas2p H4 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Deletion of the catalytic subunits of the histone acetyltransferases reduces 
the levels of tri-methylation on histone H3. 
 
Whole cell extracts were prepared from yeast strains lacking the genes encoding the 
histone acetyltransferases Sas3 and Gcn5. In lane 2 ada2∆ was used in place of gcn5∆. 
The H3K4 specific methyltransferase encoding gene SET1 was deleted as a negative 
control. Western blot analysis was performed using anti-H3K4me3 antibodies.  

H3K4me3 
set1∆    ada2∆      sas3∆     gcn5∆        WT        
.          sas3∆ 

    1          2              3             4              5 
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3.1.3 H3K14ac protects H3K4me3 from demethylation 
 

There are several possible explanations for the link between H3K14ac and 

H3K4me3. One is transcription. H3K4me3 is deposited by Set1 of the COMPASS 

complex in association with RNA Pol II (Ng et al. 2003), and it has been known for some 

time that acetylation of lysines on histones is strongly correlated with transcription (For 

Review see MacDonald, and Howe 2009). Perhaps H3K14ac is required for transcription, 

which is required for methylation of H3K4 by Set1. This is unlikely though as many 

histone lysines are acetylated in actively transcribed genes, and not a single one has been 

shown to be independently necessary for transcription, yet H3K4me3 is directly 

dependent on only H3K14 (Fig. 3.1, and Nakanishi et al. 2009).  

Another possibility is that H3K14ac acts as a docking site that recruits some 

unidentified protein complex that is required for the proper tri-methylation of H3K4 by 

Set1. This would be difficult to test as one would need to identify the unknown 

interacting partner, most likely through mass screening. Another hypothesis is that 

H3K14ac protects H3K4me3 from demethylation. This could easily be confirmed by 

eliminating the demethylase activity of the yeast. Without demethylation, there would be 

nothing to protect H3K4me3 from, and removal of H3K14ac would have no effect on 

global H3K4me3 levels. We decided that investigation of this hypothesis would be the 

most feasible and proceeded to do so. 

In order to abolish the demethylase activity of yeast, we decided to delete the 

known demethylase enzyme encoding genes. There are five demethylase enzymes in 

yeast identified by homology to the human JmjC domain containing demethylases.  
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These are encoded by the genes ECM5, JHD1, JHD2, GIS1, and RPH1. Deletion of any 

of these genes does not have an effect on global levels of histone methylation detectable 

by western blot, which we confirmed using strains from the Saccharomyces deletion 

project (Kelly et al. 2001, Fig. 3.3.).  

Rather than creating a strain lacking all five demethylases to remove the 

demethylase activity, we deleted the gene encoding the strongest known H3K4-specific 

demethylase, JHD2 (Tu et. al. 2007), and performed our experiments in a jhd2∆ 

background. As previously mentioned an ada2∆ sas3∆ strain, which lacks H3 

acetylation, has less H3K4me3 than a wild type strain as detected by western blot 

analysis normalized by weight of cells used to prepare the whole cell extracts (Fig. 3.2, 

lanes 2 and 5). When we deleted JHD2, H3K4me3 levels were restored (Fig. 3.4, 

compare lanes 4 - 6 with 7 - 9) supporting the hypothesis that one of the roles of 

H3K14ac is to protect H3K4me3 from demethylation.  

To rule out the possibility that the total amount of H3 present in either a cell, or 

extractable into an extract, is affected by mutation of ADA2 and SAS3, we raised our own 

H3-specific antibody, and used it as a loading control for the western blot. The western 

blot for each strain was performed in triplicate, and when the average intensities of the 

bands are expressed as a bar graph, it is easier to see the rescuing effect that deleting the 

JHD2 gene has (Fig. 3.4B. column 2 and 3). The bar graph also shows a detectable 51% 

global increase of H3K4me3 in the jhd2∆ (Fig. 3.4B. column 4) strain as compared to WT 

(Fig. 3.4B. column 1), yet this cannot account for the observed 221% increase of 

H3K4me3 signal in the ada2 sas3 jhd2 strain as compared to the ada2 sas3 strain (Fig. 

3.4B. column 3 compared to 2). These results suggest that H3K4me3 is partially  



 34

 

 

 
Figure 3.3 Deletion of histone demethylase encoding genes does not result in an 
increase of tri-methylation of histone H3. 
 
Whole cell extracts were prepared from yeast strains lacking the genes encoding the 
histone demethylases Jhd1, Jhd2, Ecm5, Gis1, and Rph1. The H3K4 specific 
methyltransferase encoding gene SET1 was deleted as a negative control. Western blot 
analysis was performed using anti-H3K4me3 antibodies. Each whole cell extract was 
prepared from independent cultures normalized by cell weight. 
 
 

jhd1∆   jhd2∆  ecm5∆  gis1∆  rph1∆   set1∆     WT 

H3K4me3 
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Figure 3.4 Deletion of JHD2 rescues loss of H3K4me3 resulting from deletion of 
ADA2 and SAS3. 
 
 (A) Whole cell extracts of wild type yeast, and yeast lacking either the histone 
acetyltransferases Ada2 and Sas3, the histone demethylase Jhd2, or all three. Two 
identical western blots were performed using the extract. One blot was probed with anti-
H3K4me3 while the other was probed with anti-H3. Each extract was prepared from an 
independent culture. (B) Average relative intensities of anti-H3K4me3 signal divided by 
anti-H3 signal and multiplied by 10, expressed in arbitrary units. Error bars are standard 
error. 
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regulated by acetylation of H3K14ac which protects H3K4me3 from the demethylase 

Jhd2 by an as of yet uncharacterized mechanism. 

3.2 The role played by the methyl-lysine binding domains of Isw1b in 
localization of Isw1b to chromatin 
 

ISW1 is a non-essential gene in yeast that encodes the ATP-dependent 

nucleosome-remodeling protein Isw1. This protein positions nucleosomes at the 5’ and 3’ 

end of genes by sliding them along the DNA in order to insure proper nucleosome 

spacing for transcriptional activation or repression (Mellor and Morillon. 2003). Most of 

the observed modifications carried out by Isw1 seem to be subtle, specifically localized 

events needed for maximum gene regulation efficiency (Mellor and Morillon. 2003). To 

date Isw1 has been identified in three different complexes; Isw1a, Isw1b, and 

independent Isw1 (Vary et. al. 2003; Mueller and Bryk. 2007). Only Isw1b contains 

putative MBDs, which are located in the subunits Ioc2 and Ioc4. It has been shown that 

Isw1 localization is dependent on histone H3 methylation (Santos-Rosa, et. al. 2003; 

Morillon et al. 2005), thus it is likely that the MBDs are important for chromatin 

interactions, and thus proper function, of the Isw1b complex.  

Ioc2 contains a non-canonical Plant Homeo Domain (PHD) finger. A subset of 

PHD finger proteins recognize methylated lysines by means of an aromatic cage, which is 

held together by the zinc finger (Peña et. al. 2006). The PHD finger of Ioc2 is well 

conserved however it is missing two of the cystines required to coordinate the first zinc 

ion of the finger. This non-canonical domain is often left out of studies involving PHD 

fingers and is thus not well characterized, even though it possesses the conserved 

Tryptophan residue required to form an aromatic cage (Fig. 3.5) as well as a critical 
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aspartic acid that specifies binding of many fingers to methylated lysine 4 of histone H3. 

In order to see if this domain is important for the function of Isw1b, ioc2D574A was 

created (D574 is the conserved aspartic acid indicated by a diamond in Fig. 3.5). The 

highly conserved aspartic acid has been shown to be essential for the interaction of 

multiple PHD finger proteins with H3K4me mimicking peptides (Shi et. al. 2007). Thus 

this mutation should prevent Ioc2 from being properly localized to methylated chromatin 

provided that the PHD finger is responsible for said localization. 

Ioc4 on the other hand, contains a Proline Tryptophan Tryptophan Proline 

(PWWP) domain (Fig. 3.6). This domain has been recently shown to also recognize 

methylated lysines though an aromatic cage (Wang et. al. 2009). To investigate the 

importance of this domain, ioc4P21A was created. The mutated proline 21 is the most 

highly conserved residue in the domain, and should abolish its function (Fig. 3.6). If 

either the PWWP domain of Ioc4 or the PHD finger of Ioc2 is important for the function 

of the Isw1b complex, then the mutations should mimic phenotypes caused by loss of 

Isw1b function. 
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Figure 3.5 Alignment of PHD fingers from Saccharomyces cerevisiae. 
 
The 19 PHD fingers of Saccharomyces cerevisiae were aligned using ClustalW2. 
Residues that coordinate zinc ions and maintain the finger structure are highlighted. 
Residues that form an aromatic cage to interact with H3K4 are starred. Residues essential 
for interaction with H3R2 and aid H3K4me binding are marked with diamonds. Nto1, 
Rco1, and Snt2 contain multiple PHD fingers which are differentiated by lowercase 
letters a-c.

          *                    *   ◊      ◊*
Ioc2    IITEDTET--DLFNNRP------LICCDH--CY-RWQHWECQPPKIIELISSTTKSPQHTLS 51 
Yng1    EBYC-FCR--NBSYGP-------MVACDNPACPFEWFHYGCVG------------------- 35 
Yng2    TLYC-FCQ--RVSYGE-------MVACDGPNCKYEWFHYDCVN------------------- 35 
Pho23   PLYC-YCN--QVAYGE-------MVGCDGADCELEWFHLPCIG------------------- 35 
Bye1    YVRC-LCGANNENYDAAEYSHGDMVQCDG--CD-TWQHIKCMTD------------------ 42 
Cti6    ETRC-ICGELDTPDDS-----GFFIQCEQ--CS-SWQHGYCVS------------------- 36 
Jhd1    PNICQHCQ-LKDNPGAL-----IWVKCDS--CP-QWVHVKCVP------------------- 36 
Spp1    DVYC-ICK--RPDYGEL------MVGCDG--CD-DWFHFTCLH------------------- 33 
Set3    IITC-IC---DLNDDD-----GFTIQCDH--CN-RWQHAICYG------------------- 33 
Ecm5    TKYC-FCR--RVEEGTA------MVECEI--CK-EWYHVDCIS------------------- 33 
Nto1a   DQACAVCL--GTDSDNL----NTIVFCDG--CD-IAVHQECYG------------------- 36 
Nto1b   KLNCYICK---KKMGA-------CIQCFQRNCF-TAYHVTCARRAG---------------- 37 
Rco1a   EDFCSACN--QSG---------SFLCCDT--CP-KSFHFLCLD------------------- 31 
Rco1b   FLICYKCNQTRLGSWSHPENSRLIMTCDY--CQ-TPWHLDCVP------------------- 44 
Snt2a   DKRCQFCK--EWCIQK------ESLSCDE--CG-VCAHLYCMD------------------- 34 
Snt2b   RTFCSVCK--EKFNDND----NYEVVCGN--CG-LTVHYFCYA------------------- 36 
Snt2c   RFTCGVCR---INGGG-------LVKCNK--CQ-YRYHITCAQNSSFN-------------- 37 
Set4    KNGC-ICGSSDSKDEL-------FIQCNK--CK-TWQHKLCYA------------------- 34 
Jhd2    DDACIVCR--KTNDPK------RTILCDS--CD-KPFHIYCLS------------------- 34 
          *                    *   ◊      ◊*   
 
Ioc2    QRDFGVIIMGNSHGNRRSSRRPQSTLEPSTKSSRPTDKRKPLSEC-STFICA---WCIRDLE 109 
Yng1    -------------------------LKQ--APKG-------------KWYCSK--DCKEIA- 52  
Yng2    -------------------------LKE--PPKG-------------TWYCP---ECKIEM- 51  
Pho23   -------------------------LET--LPKG-------------KWYCD---DCKKKL- 51  
Bye1    ---------------------GKDTIDGLMSEDS-------------KYYCE---LCDPSL- 64  
Cti6    -------------------------ITQDN-APD-------------KYWCE---QCRPEL- 53  
Jhd1    ----------------------LKRIHYSNLTSSEVLSYPN---S-AKQIKSY--RCPNHK- 67  
Spp1    -------------------------IPE--QFKDLVF----------SFYCP---YCQAGI- 52  
Set3    -------------------------IKDIGMAPD-------------DYLCN---SCDPRE- 51  
Ecm5    -------------------------NGELVPPDDPNV----------LFVCS---ICTPPC- 54  
Nto1a   -----------------------IIFIPEGK-----------------WLCR---RCMISK- 52  
Nto1b   -----------------------LYMSKGKCTIQELASN----QFSQKYSVES--FCHKHA- 67  
Rco1a   -----------------------PPIDPNNLPKGD-------------WHCN---ECKFK-- 50  
Rco1b   -------------------------RASFKNLGS-------------KWKCP---LHSPTK- 60  
Snt2a   -----------------------PPLD--RKPNKDVV-----------WTCF---SCLQKQ- 54  
Snt2b   -----------------------IKLPKDMKKNTNLKTF--------KWLCD---PCSNDL- 61  
Snt2c   ----------------------KLMFEKKNMSVDTTLPCIKDVKLNDTYTLRPILICDRHD- 74  
Set4    -------------------------FKKSDPIKR-------------DFVCK---RCDSDT- 52  
Jhd2    -----------------------PPLE--RVPSGD-------------WICN---TCIBVGN 53  
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Figure 3.6 Alignment of PWWP domains. 
 
Alignment of all the PWWP domains of Saccharomyces cerevisiae, 
Schizosaccharomyces pombe, and Candida albicans as well as 2 PWWP domains from 
Homo sapiens. The highlighted region is the PWWP motif. The residues that make up the 
aromatic cage for methyl-lysine binding are starred. The diamond indicates the proline 
that was mutated to an alanine for the experiments in this thesis. 
 

                        *  *◊     
S.c.Ioc4     PTDIVLAKVKGFSAWPAMIIPNELIPDNILKTKP-VSVHKGKSGSDKKANEDIDADMESE 59 
C.a.Q6FU55   PTDVVLAKVKGFPAWPAMVIPKELIPENVWKIRSRISVDKAETKEDQDSTPD-------- 52 
C.a.Q5AFP5   PTSIVLAKVKGYPAWPAMVLDESLLPEHISNKKP-------KSKTNPPTS---------- 43 
S.c.YLR455W  TGDLVLCKVGSFPPWPAVVFPQRLLRNDVYRKRK-------------------------- 34 
S.p.Pdp2     PGMRVLTKMSGRPWWPSMVVTESKMTSVARKSKP-------------------------- 34 
S.p.Pdp3     NGEYVLAKMSSFPWWPARVASQKSIPTEVRERLK-------------------------- 34 
S.p.Pdp1     FGDRILVKAPGYPWWPALLLRRKETKDSLNTNSS-------------------------- 34 
H.s.WHSC1    FQDIIWVKLGNYRWWPAEVCHPKNVPPNIQKMKH-------------------------- 34 
H.s.DNMT3a   IGELVWGKLRGFSWWPGRIVS-WWMTGRSRAAEG-------------------------- 33 
                        *  *◊                                              
                                                             *                
S.c.Ioc4     ARDREQSEEEEDIEDFGESEANPEKFIIYTPVLKFRKNDTLKSTYCVKFFCDDSYIWVKP 119 
C.a.Q6FU55   -------------EEFG-SDYDPNDYIIYSKVLKFKKNKEQPSLYCVKFMCDDSYIWVKQ 98 
C.a.Q5AFP5   ---------------------------ISSPTPQSPSKKKPSIIVPVRFFSDDTYIWINT 76 
S.c.YLR455W  -----------------------------------------SNCVAVCFFNDPTYYWEQP 53 
S.p.Pdp2     --------------------------------------KRAGTFYPVIFFPNKEYLWTGS 56 
S.p.Pdp3     ------------------------------------RNFRMDNGIFVQFLPSRDYAIISS 58 
S.p.Pdp1     ----------------------------------------FNVLYKVLFFPDFNFAWVKR 54 
H.s.WHSC1    ----------------------------------------EIGEFPVFFFGSKDYYWTHQ 54 
H.s.DNMT3a   -------------------------------------------TRWVMWFGDGKFSVVCV 50 
                                                             *                
 
S.c.Ioc4     MDMKILTS- 127 
C.a.Q6FU55   SDMQPLS-- 105 
C.a.Q5AFP5   NDLKPLT-- 83 
S.c.YLR455W  SRLKELDQ- 61 
S.p.Pdp2     DSLTPLTS- 64 
S.p.Pdp3     SNVLPLTV- 66 
S.p.Pdp1     NSVKPLLD- 62 
H.s.WHSC1    ARVFPYMEG 63 
H.s.DNMT3a   EKLMPLSSF 59 
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3.2.1 Phenotype analysis of Isw1 methyl-lysine binding mutants 
 
 As an ATP-dependent chromatin-remodeling protein, Isw1 must be properly 

localized to its chromatin substrate in order to carry out its physiological role. Thus any 

perturbation of the mechanisms involved in localizing Isw1 would have a similar affect 

as inhibiting Isw1’s biological function. To investigate the roles played by the MBDs of 

Isw1b on its localization, we either mutated the domains, or deleted the genes that encode 

the domain-bearing subunits, and assayed for Isw1b function by phenotypic analysis.  

There are several published phenotypes for lack of Isw1 function including 

temperature sensitivity (Pinskya  et. al. 2009), synthetic lethality with yng2∆, and 

synthetic temperature sensitivity in a chd1∆ isw2∆ strain (Tsukiyama et. al. 1999). 

Unfortunately these phenotypes could not be reproduced in our strain background or in 

strains generated by the Saccharomyces deletion project. We also tried phenotypes for 

galactose auxotrophy (Kundu et. al. 2007), and enhanced galactose auxotrophy in the 

presence of ethidium bromide, to no avail. Furthermore, due to the availability of already 

prepared media, we tested isw1∆ strains for sensitivity to the drugs antimycine A and a 

combination of the iron limiting drugs bathophenanthrolin and bathocuprocine di-

sulffonic acid, neither of which resulted in a phenotype. 

Another more promising phenotype we attempted to test for was sensitivity to the 

drug amantadine hydrochloride. This phenotype was found by the Boone lab in a massive 

drug screen in which the entire yeast deletion set was pooled into a single culture, and 

then split into two. One culture was grown in the presence of a drug, and the other in the 

presence of di-methyl-sulfoxide (DMSO) as a negative control. After competitive growth 

in these conditions, PCR was used to amplify barcodes that are unique to each deletion 
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strain. The PCR products from each bar code were then hybridized to a microarray to 

assay for relative amounts of product. Comparisons of the amount of product generated 

from the culture grown with drug to that of the culture grown with DMSO were made to 

identify strains that showed sensitivity to the drug of interest relative to the other deletion 

strains in the culture. This procedure was performed with 82 different chemicals (Parsons 

et. al. 2006). Under these competitive growth conditions deletion of genes encoding the 

entire Isw1b complex, ISW1, IOC2, and IOC4, were found to result in sensitivity to the 

drug amantadine hydrochloride. Furthermore, an ioc3∆ mutant, which lacks a part of the 

Isw1a complex, was not sensitive suggesting the phenotype was specific to loss of Isw1b. 

Additionally mutation of many genes involved in the methylation of H3K4, such as 

BRE1, PAF1, SDC1, SWD1,and SWD3 (Miller, et. al. 2001; Lee et. al. 2007), also 

resulted in sensitivity to amantadine hydrochloride suggesting that Isw1b and H3K4 

methylation function in the same pathway (Fig. 3.7). However, when isw1∆, ioc2∆, and 

ioc4∆ strains are grown alone in amantadine hydrochloride, no phenotype is detected 

using both solid and liquid media, despite the fact that identical strains were used.  Our 

inability to recapitulate the phenotypes observed by Parsons et al., is therefore 

presumably due to differences in experimental design.  While we attempted to reproduce 

the culture conditions used, we were unable to mimic the competitive effect of co-

culturing with the entire deletion set, which may amplify minor drug sensitivities. 
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Figure 3.7 The Isw1b complex and the H3K4me pathway are required for resistance 
to the drug amantadine hydrochloride. 
 
A partial model of the pathway responsible for methylation of H3K4. Set1 of the 
COMPASS complex is dependent on Paf1 as well as ubiqutination of H2BK123 for 
methylation of H3K4 in vivo. Bre1 and Rad6 are required for ubiquitination of 
H2BK123. Numbers indicate amantadine HCl sensitivity as described in Parsons et. al. 
2006. Out of 4108 strains tested, only 269 deletions strains scored greater than 1. 
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3.2.2 Chromatin imunoprecipitation analysis of Isw1 methyl-lysine binding mutants  
 

After attempting to investigate Isw1b localization by assaying for an Isw1-

specific phenotype, we decided to assay for Isw1b localization directly using chromatin 

imunoprecipitation (ChIP). We used the 3’end of the active MET16 gene as our target, for 

it has been shown that the Isw1b complex specifically ChIPs there while Isw1a does not 

(Morillon et. al. 2003). This allowes us to investigate if the MBDs of the Isw1b complex 

playes a role in the localization of the complex to chromatin. Figure 4.1 contains 

schematics of our interpretation of the data and may help clarify the results. 

3.2.2.1 Design of strains and expression of constructs 
 
 In order to ensure that we were ChIPing Isw1b and not one of the other forms of 

Isw1, we decided not to tag Isw1 itself but one of the other Isw1b specific subunits. Since 

Ioc2 and Ioc4 are the only other subunits of Isw1b and they each contain a MBD that 

must be mutated, there is no uninvolved subunit of the Isw1b complex that can easily be 

used as a surrogate for tagging Isw1. As such we decided to tag one of either Ioc2 or Ioc4 

with six repeats of the influenza hemagglutinin-HA-epitope antigen (6HA), while 

manipulating the other subunit. If our manipulation of one of the Ioc subunits, by either 

mutating the MBD or deleting the encoding gene, diminished Isw1b’s ability to interact 

with chromatin, then the ChIP signal of the other 6HA tagged Ioc subunit should be 

diminished, assuming that the subunits can only bind chromatin when associated with 

Isw1b complex. In order to perform all the necessary ChIP experiments we set up the 

following system. First the strain ioc2∆ ioc4∆ was created as an empty parent strain. We 

then created the following integrating plasmids; pIOC2.406, pioc2D574A.406, pIOC2-

6HA.406, pIOC4.405, pioc4P21A.405, pIOC4-6HA.405, pioc4P21A-6HA.405. By 
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integrating an Ioc2 encoding plasmid and an Ioc4 encoding plasmid from this set into our 

empty parent strain we could create any combination of tagged, untagged, mutated, or 

wild type Isw1b complex that we needed (Table 3-2). For experiments requiring null 

alleles of either IOC2 or IOC4 we integrated empty pRS406 or pRS405 respectively 

(Sikorski and Heiter. 1989).  Although the strains used in all of the following experiments 

carrying deletions of both the endogenous IOC2 and IOC4 loci, in many cases we have 

rendered these strains IOC2 or IOC4 through integration of a wild type IOC2 or IOC4 at 

ura3 or leu2 respectively.  For the sake of clarity, unless explicitly described as 

containing tagged, null, or mutated allele all strains are wild type for IOC2 or IOC4.  To 

demonstrate that the 6HA tag, does not affect the stability or expression of the tagged 

Isw1b subunits, we performed a western blot of the strains normalized by wet cell weight 

using an anti-HA antibody as a probe.  The results in Figure 3.8 show that Ioc2-6HA, 

Ioc4-6HA, and Ioc4P21A-6HA are all stably expressed. 

Once the strains were obtained, we had to address another important question 

before proceeding with ChIP. What if the MBDs played a structural role in the Isw1b 

complex, and their disruption leads to destabilization of the complex? To test the stability 

of the Isw1b complex in each of our above strains we tagged the Isw1 protein in each 

strain with the tandem affinity purification (TAP) tag, thus allowing us to purify the Isw1 

containing complexes and probe for intact Isw1b using the 6HA tag on the other Isw1b 

subunits. This Isw1b complex stability data, when compared with the ChIP data yielded 

some very interesting results that are discussed in the following sections. 
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Table 3.2 Constructed strains for designer Isw1b complexes. 
 

Parent Strain ioc2∆ ioc4∆ 
Integrated Vectors Effective Genotype 

ura3::pIOC2.406 leu2::pIOC4.405 Untagged WT 
ura3::pIOC2-6HA.406 leu2::pIOC4.405 IOC2-6HA, IOC4  
ura3::pIOC2-6HA.406 leu2::pRS405 IOC2-6HA, ioc4∆ 
ura3::pIOC2-6HA.406 leu2::p.ioc4P21A.405 IOC2-6HA, ioc4P21A 

ura3::pIOC2.406 leu2::pIOC4-6HA.405 IOC4-6HA, IOC2  
ura3::pRS406 leu2::pIOC4-6HA.405 IOC4-6HA, ioc2∆ 

ura3::pIOC2D574A.406 leu2::pIOC4-6HA.405 IOC4-6HA, ioc2D574A 
ura3::pIOC2.406 leu2::p.ioc4P21A-6HA.405 ioc4P21A-6HA, IOC2  

ura3::pRS406 leu2::p.ioc4P21A-6HA.405 ioc4P21A-6HA, ioc2∆ 
ura3::pIOC2D574A.406 leu2::p.ioc4P21A-6HA.405 ioc4P21A-6HA, ioc2D574A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Expression of 6HA tagged Ioc2, Ioc4 and Ioc4P21A. 
 
Western blot analysis of whole cell extracts from each of the strains described in Table 2 
using an anti-HA antibody. Cultures were grown in synthetic media lacking methionine 
to ensure expression of tagged proteins in culture conditions used for ChIP. A non-
specific background band that ran with the dye-front was included as an approximate  
loading control. 
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3.2.2.2 The PHD finger of Ioc2 
 
 The Ioc2 subunit of the Isw1b complex contains a putative PHD finger MBD. To 

investigate the role that this domain plays in the localization of the Isw1b complex we 

created strains of yeast lacking the Ioc2 subunit, or expressing an Ioc2 subunit with an 

alanine substitution of D574, a residue important for methyl-lysine recognition by other 

PHD fingers (Fig. 3.5, the aspartic acid indicated with a diamond). These strains were 

used for co-imunoprecipitation studies with TAP tagged Isw1 in order to assess the role 

of the PHD finger in the stability of the Isw1b complex, as well as ChIP experiments to 

assess the role played by the PHD finger in localizing Isw1b to the 3’ end of the active 

MET16 gene. 

 When Isw1-TAP is purified from a strain expressing Ioc4-6HA, an anti-HA 

western blot detects a 100 kDa band corresponding to Ioc4-6HA (Fig. 3.9B. lane 2.). 

However, in ioc2� strains, this 100kDa band is absent (Fig. 3.9B. lane 3).  The fact that 

Ioc4-6HA is still stably expressed in an ioc2∆ strain (Fig. 3.8), indicates a requirement 

for Ioc2 in maintaining the association of Ioc4 with Isw1. In order to determine if the 

PHD finger’s putative methyl-binding ability is required for Isw1b stability, the same co-

imunoprecipitation was performed with a strain expressing mutant Ioc2D574A. The 

mutant Ioc2D574A subunit did not disrupt the ability of Isw1-TAP to co-purify with 

Ioc4-6HA (Fig. 3.9B. lane 4), suggesting that the putative methyl-lysine binding ability 

of Ioc2 is not required for Isw1b complex stability. 
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Figure 3.9 Complex stability of Isw1b determined by purification of TAP tagged 
Isw1 with 6HA tagged Ioc subunits. 

 
Isw1 was TAP tagged in each of the strains described in table 2. The genotypes given 
represent the effective genotype as explained in table 2. Isw1-TAP was then purified 
from whole cell extracts using IgG resin and subject to western blot using anti-HA 
antibody. The protein A component of the TAP tag interacts with the detection antibodies 
giving a ~200 kDa band. (A) Ioc2-6HA co-purified with Isw1-TAP in strains expressing 
various forms of Ioc4. (B) Ioc4-6HA co-purified with Isw1-TAP in strains expressing 
various forms of Ioc2. (C) Ioc4P21A-6HA co-purified with Isw1-TAP in strains 
expressing various forms of Ioc2. 
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Once the role of Ioc2 in complex stability was determined we moved on to 

investigating the role Ioc2 and its PHD finger play in localizing Isw1b to the 3’ end of 

MET16. This was done by ChIPing Ioc4-6HA in strains expressing either wild type Ioc2, 

no Ioc2, or mutant Ioc2D574A, and comparing the ChIP signal to that of an untagged 

strain. In a wild type IOC2 strain, the Ioc4-6HA ChIP signal was ~11 fold stronger than 

that of the untagged strain (Fig. 3.10, compare lanes 1 and 4), indicating a successful 

ChIP. Deletion of IOC2 resulted in considerably less signal, only ~3.5 fold stronger than 

untagged (Fig. 3.10, compare lanes 2 and 4) suggesting that Ioc2 is required for maximal 

binding of Isw1b to chromatin.  These results support the conclusion that the Ioc2 subunit 

plays an important role in localizing the Isw1b complex to MET16. It is important to note 

that, even though a significant portion of the Ioc4-6HA ChIP signal is lost in an ioc2∆ 

strain, there is still significantly more signal observed than from the untagged strain. The 

relevance of this data will be highlighted when discussing the role of the Ioc4 PWWP 

domain in a later section.  

To determine whether the putative MBD of Ioc2 is required for the interaction of 

Isw1b with MET16, we repeated the Ioc4-HA ChIP using the Ioc2D574A mutant.  The 

results indicate that D574 of Ioc2 does not play a role in the localization of the Isw1b 

complex as ChIP of Ioc4-6HA is similar in both Ioc2 expressing strains, and strains 

expressing mutant Ioc2D574A (Fig. 3.10 lanes 1 and 3). Thus, while the Ioc2 subunit is 

important for localizing Isw1b to the 3’ end of MET16, the putative H3K4 MBD of this 

protein is dispensable.   
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Figure 3.10 Ioc4 requires Ioc2 for full chromatin-binding activity 
 
Chromatin Imunoprecipitation of Ioc4-HA from the strain ioc2∆ ioc4∆ pIOC4-HA 
transformed with plasmids encoding the indicated forms of Ioc2, or empty vector for the 
ioc2∆. Untagged strains contained pIOC4 instead of pIOC4-HA. Cultures were grown in 
synthetic media lacking methionine in order to activate the MET16 gene. PCR primers 
specific to the 3’ end of the active MET16 gene were used to detect an interaction with 
chromatin. Each data point represents average percent ChIP relative to input from three 
independent yeast cultures performed in parallel and expressed in arbitrary units. Error 
bars indicate standard error. 

                1                              2                              3                               4  
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The requirement of Ioc2 for Ioc4-chromatin interactions could reflect its role in 

Isw1b complex stability.  In other words, it may be Ioc4 that is responsible for Isw1b-

chromatin interactions and it is the loss of the Ioc4-Isw1 interaction in an ioc2∆ strain 

that disrupts the targeting of Ioc4 to DNA.  Alternatively, it is possible that a yet 

unidentified motif in Ioc2 is mediating the interaction of Isw1 with chromatin and this 

motif is not disrupted in the Ioc2D574A mutant. To investigate further, we tested whether 

Ioc2 could bind chromatin independently of Isw1 or Ioc4.  We found that deletion of 

IOC4 disrupts the interaction of Ioc2 with Isw1 (Fig. 3.9A. lane 3), despite the fact that 

Ioc2 is still stably expressed (Fig. 3.8).  When Ioc2-6HA is ChIPed from strains 

expressing wild type Ioc4 a significantly stronger signal is obtained than that from 

untagged strains indicating a successful ChIP (Fig. 3.11 lanes 1 and 4). However when 

the same is done in an ioc4∆ strain, where Ioc2 does not associate with Isw1b, the ChIP 

signal for Ioc2-6HA is significantly stronger than that from strains expressing wild type 

Ioc4 (Fig. 3.11 lanes 2 and 1)! These results indicate that either, Ioc2 is indeed able to 

bind chromatin independently of the remaining subunits of Isw1, or the remaining 

residual Ioc2-Isw1 complex in the ioc4∆ strain has greatly enhanced chromatin binding 

properties. Either way we have demonstrated that Ioc2-chromatin interaction is 

negatively regulated by Ioc4. A similar result is seen in strains expressing mutant 

Ioc4P21A (Fig. 3.11 lane 3), although the difference from an IOC4 strain are not 

statistically significant.  Furthermore, the partial loss of Ioc4-6HA ChIP observed in 

ioc2∆ mutants is consistent with the possibility that Ioc2 has chromatin binding ability 

(Fig. 3.10 lane 2).  In conclusion our results suggest that Ioc2 can bind chromatin, 

although this activity is independent of the putative H3K4 MBD. 
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Figure 3.11 The presence of Ioc4 inhibits the ability of Ioc2 to bind chromatin 
 
Chromatin Imunoprecipitation of Ioc2-HA from the strain ioc2∆ ioc4∆ pIOC2-HA 
transformed with plasmids encoding the indicated forms of Ioc4, or empty vector for the 
ioc4∆. Untagged strains contained pIOC2 instead of pIOC2-HA. Cultures were grown in 
synthetic media lacking methionine to activate the MET16 gene. PCR primers specific to 
the 3’ end of the active MET16 gene was used to detect an interaction with chromatin. 
Each data point represents three independent whole cell extracts ChIPed in parallel. Error 
bars indicate standard error. 
 

                   1                            2                             3                             4  
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3.2.2.3 The PWWP domain of Ioc4 
 
 The Ioc4 subunit of the Isw1b complex contains a putative PWWP. The fact that 

Ioc4 can be detected at MET16 when not associated with Isw1b in an ioc2∆ strain 

suggests that this protein also possesses chromatin-binding ability (Fig. 3.10 compare 

lanes 2 and 4).  To investigate the role that the PWWP domain plays in the localization of 

the Isw1b complex we created strains of yeast lacking the Ioc4 subunit, or expressing an 

Ioc4 subunit with a P21A point mutation that changes the most highly conserved residue 

in the PWWP domain (Fig. 3.6 The proline indicated by a diamond). These strains were 

used with TAP tagged Isw1, as well as for ChIP experiments, in order to analyze the role 

played by the PWWP domain in localizing Isw1b to the 3’ end of the active MET16 gene. 

 To investigate the role that Ioc4 and its PWWP domain play in the stability of the 

Isw1b complex, we purified Isw1 from a strain expressing Ioc2-6HA. An anti-HA 

western blot of the purified material detected a 120 kDa band corresponding to Ioc2-

6HA, demonstrating that an interaction between Ioc2 and Isw1 can be detected using this 

approach (Fig. 3.9A. lane 2). However in strains lacking Ioc4 or expressing Ioc4P21A, 

there is a reduction in the strength of the 120 kDa Ioc2-6HA signal, indicating that both 

Ioc4 and its PWWP domain are required for stability of the Isw1b complex (Fig. 3.9A. 

lanes 3-4). Interestingly, western blot of a similar purification of Isw1-TAP from a strain 

expressing Ioc4P21A-6HA generates a strong 100 kDa band corresponding to Ioc4P21A-

6HA (Fig. 3.9C. lane 2).  This indicates that the mutant Ioc4P21A still associates with 

Isw1b, even though the mutation disrupts the association of Ioc2 with Isw1b. Thus it is 

evident that the PWWP domain of Ioc4 is required for the association of Ioc2 with the 

Isw1b complex but not for the association of Ioc4 with Isw1. 
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To see how mutating the PWWP domain of Ioc4 affects the ability of the Isw1b 

complex to localize to chromatin we performed two separate ChIPs using three strains, an 

untagged strain, an Ioc4-6HA tagged strain, and an Ioc4P21A-6HA strain. First, the 

ability of Ioc4-6HA to localize to the 3’ end of MET16 was compared to the untagged 

strain (Fig. 3.12A.). Second, the ChIP of Ioc4P21A-6HA was compared to the untagged 

strain (Fig. 3.12B.). These comparisons indicate that Ioc4-6HA gives a ChIP signal ~15 

fold stronger than untagged Ioc4, whereas mutant Ioc4P21A-6HA gives a ChIP signal 

statistically similar to untagged Ioc4, suggesting that the interaction of Ioc4-6HA with the 

3’ end of MET16 is dependent on the Ioc4 PWWP domain. A significant part of this loss 

of localization is presumably due to the disruption of the Isw1b complex. As discussed 

earlier, mutation of Ioc4 to Ioc4P21A disrupts the association of Ioc2 with Isw1b (Fig. 

3.9A.). When the Isw1b loses the chromatin-binding activity of Ioc2, Ioc4 will not 

properly localize to the 3’ end of MET16 (Fig. 3.10 lane 2). Furthermore we have seen 

that mutant Ioc4P21A prevents incorporation of Ioc2 in the Isw1b complex (Fig. 3.9C.), 

and Ioc4P21A does not localize to the 3’ end of MET16 (Fig. 3.12B.) suggesting that 

Ioc2 is essential for proper Isw1b localization. 

 Despite the essential nature of Ioc2 for localization of the Isw1b complex, 

experiments done in strains lacking Ioc2 revealed another role for the PWWP domain of 

Ioc4. As before, two ChIP experiments were performed, one comparing Ioc4-6HA to 

untagged (Fig. 3.13A.), and one comparing Ioc4P21A-6HA to untagged (Fig. 3.13B.), 

only this time the tagged strains did not express any Ioc2. Because loss of IOC2 disrupts 

the interaction of Ioc4 with Isw1, these experiments analyzed the binding of Ioc4 to 

chromatin independently of the other subunits of Isw1b. A trend similar to that of 
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Figure 3.12 Ioc4 requires its PWWP domain to interact with chromatin. 
 
ChIP of 6HA tagged Ioc4 or Ioc4P21A expressed from integrated plasmids in an 
∆ioc2∆ioc4 strain expressing wild type Ioc2 also from an integrated plasmid. Untagged 
strains express wild type Ioc4 from an integrated plasmid. Cultures were grown in 
synthetic media lacking methionine to activate the MET16 gene. Primers specific to the 
3’ end of the active MET16 gene were used to detect an interaction with chromatin. Each 
data point represents three whole cell extracts that were ChIPed in parallel. Signal is 
arbitrary units obtained by dividing amount of DNA in IP by the amount of DNA in 
input. Error bars represent standard error. 
 
 
 
 
 

A. 

B. 
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Figure 3.13 Ioc4 requires its PWWP domain to interact with chromatin in an IOC2-
independent manner. 
 
ChIP of 6HA tagged Ioc4 or Ioc4P21A expressed from integrated plasmids in an ∆ioc2∆ioc4 
strain background. Untagged strains express wild type Ioc4 from an integrated plasmid. 
Cultures were grown in synthetic media lacking methionine to activate the MET16 gene. 
Primers specific to the 3’ end of the active MET16 gene were used to detect an interaction 
with chromatin. Each data point represents three whole cell extracts that were ChIPed in 
parallel. Signal is arbitrary units obtained by dividing amount of DNA in IP by amount of 
DNA in input. Error bars represent standard error. 

A. 

B. 
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 wild type IOC2 strains, where Ioc4-6HA has a stronger ChIP signal than the untagged strain, 

but mutant Ioc4P21A-6HA has a similar signal as the untagged strain. Again, this suggests 

that the PWWP domain is important in localizing Ioc4 to the 3’ end of MET16, though this 

time the difference in ChIP signal cannot be attributed to a loss of Ioc2, as both tagged 

strains are lacking that subunit. 

Utilizing co-purification with TAP tagged Isw1 to test for complex stability, and 

ChIP to the 3’ end of MET16 to test for complex localization to chromatin we have 

demonstrated two roles for the PWWP domain of Ioc4. Firstly the domain is required for 

association of Ioc2 into Isw1b (Fig. 3.9A.), which is required for proper localization of 

Isw1b to the 3’ end of MET16 (Fig. 3.10 lane 2). Secondly the PWWP domain of Ioc4 is 

required for the Ioc4 subunit to interact with the 3’ end of MET16 in an Ioc2-independent 

manner (Fig. 3.13). It is evident that the PWWP domain is an important part of the Isw1b 

complex, and plays a role in localizing Isw1b to chromatin. 

3.2.3 Dependence of Isw1b localization on Histone Methylation 
 
 Isw1 has been shown to associate with chromatin in an H3K4me-dependent 

manner (Santos-Rosa et. al. 2003; Morillon et al. 2005). This is one of the reasons we 

chose Isw1b as a model complex for histone methylation-dependent recruitment. 

However, the mechanism responsible for the dependence of Isw1-localization on 

H3K4me is still under investigation. The results discussed so far suggest that the Ioc2 and 

Ioc4 subunits of the Isw1b complex, which contain putative MBDs, play a role in Isw1b 

localization and may be responsible for the observed dependence of Isw1 on  
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Figure 3.14 Removing histone tail methylation by deletion of SET1 and SET2 
prevents Ioc2 and Ioc4 from localizing to chromatin.  
 
ChIP of 6HA tagged (A) Ioc2 and (B) Ioc4 in strains lacking the histone 
methyltransferases Set1 and Set2. Cultures were grown in synthetic media lacking 
methionine to activate the MET16 gene. Primers specific to the 3’ end of the active 
MET16 gene were used to detect an interaction with chromatin. Each data point 
represents the average of three whole cell extracts that were ChIPed in parallel. Error bars 
are standard error. 
 

A. 

B. 
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 H3K4me for chromatin interaction. However, a direct interaction between the MBDs and 

methylated lysines on histones has yet to be observed. 

 If the observed dependency of Isw1 on H3K4me for chromatin binding is a 

function of the Isw1b complex, then one would expect the other subunits of the Isw1b 

complex to also be dependent on H3K4me for chromatin interaction. To test whether or 

not Ioc2 and Ioc4 rely on the presence of methylated histones to interact with MET16, we 

integrated plasmids expressing either Ioc2-6HA or Ioc4-6HA into strains deficient in 

various forms of histone methylation and performed ChIP to check for interactions with 

the 3’ end of MET16. As mentioned earlier there are three histone methyltransferases in 

S. cerevisiae, two of which are responsible for methylating the N-terminal tails of histone 

H3: Set1 and Set2. A set1∆ strain lacks all H3K4 methylation, while a set2∆ strain lacks 

all H3K36 methylation, and a double set1∆ set2∆ strain lacks all histone tail methylation. 

ChIP of Ioc2-6HA revealed that loss of any H3 methylation results in loss of Ioc2-6HA 

localization to the 3’ end of MET16 (Fig. 3.13A.). This result is interesting as mutant 

Ioc2D574A, which lacks the putative H3K4me-binding activity, did not disrupt Isw1b 

localization at all (Fig. 3.10 lane 3). ChIP of Ioc4-6HA gives similar results to that of 

Ioc2, demonstrating a dependence on both H3K4 methylation and H3K36 methylation 

(Fig. 3.13B.). Now that we have demonstrated the dependence of the Ioc subunits on 

methylated histones for localization to chromatin, the next step would be to show a direct 

biochemical interaction between each subunit and histone H3 that is dependent on both 

the methylation state of the histone, and the presence of a functional MBD in the Ioc 

subunit. 
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Chapter 4 – Discussion 
 

4.1 Cross-talk between H3K4me3 and H3K14ac 
 

4.1.1 Acetylation of H3K14 is required for H3K4me3 
 
 Tri-methylation of histone H3K4 is a highly conserved mark associated with gene 

activity. It correlates with the promoter and 5’ end of active genes in every organism that 

it has been observed in. Though not essential for the survival of yeast, deletion of the 

H3K4 tri-methyltransferase-encoding trithorax group (TrxG) genes in metazoans is 

embryonically lethal (Milne et. al. 2002). As a result of the significance of these 

methyltransferases, and the strong correlation between H3K4me3 and active 

transcription, a great deal of research has gone into understanding the regulation of this 

mark. This study adds a new component to that pathway, by identifying cross talk 

between H3K4 methylation and H3K14ac mediated by the newly characterized histone 

demethylase Jhd2. 

 The dependence of H3K4me3 on the H3K14 residue was first observed in yeast 

by the Shilatifard lab (Nakanishi et al. 2009).  They demonstrated that mutating the 

fourteenth lysine of histone H3 to an alanine in vivo resulted in a global loss of the 

H3K4me3 mark from whole cell extracts. This interaction is interesting considering that 

H3K14 is a well known site of acetylation, and this acetylation co-localizes with 

H3K4me3.  We were able to demonstrate that it is the acetylation of H3K14 that is 

required for H3K4me3 and not K14 itself. This was done by abolishing H3K14 

acetylation through the deletion of the acetyltransferase-encoding gene, SAS3, 
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accompanied by the disruption of Gcn5-mediated acetylation through the deletion of 

ADA2. 

4.1.2  Acetylation of H3K14 protects H3K4me3 from demethylation by Jhd2 
 
 The link between H3K4 methylation and H3K14 acetylation may function 

through a couple of different mechanisms. For one, H3K4 methylation by Set1 is 

dependent on transcription. Transcription is stimulated by histone acetylation. Thus, 

H3K14 acetylation could be an upstream requirement for transcription-dependent H3K4 

methylation.  Alternately, H3K14 acetylation may protect the local chromatin from 

demethylation by a histone demethylase. Because mutation of lysine 14 does not result in 

phenotypes consistent with a transcription defect, transcription is not likely responsible 

for the observed link.  We therefore tested the possibility that histone acetylation prevents 

removal of H3K4me3 by a histone demethylase. 

If histone acetylation blocks the activity of a histone demethylase, then the loss of 

the H3K4 demethylase should restore H3K4me3 levels in cells lacking H3K14ac.  The 

first demethylase we tested was Jhd2, as it is the strongest H3K4-specific demethylase in 

yeast (Tu et. al. 2007). Using simple genetics and assaying for global H3K4me3 by 

western blot, we showed that the majority of H3K4me3 is lost when H3K14ac is absent, 

but rescued when JHD2 is deleted.  This indicates that acetylation of H3K14 protects 

H3K4me3 from demethylation by Jhd2. 

 A discrepancy between this study and previous research was the significant 

increase in global H3K4me3 levels that we observed in jhd2∆ strains. Two studies of 

Jhd2 as a demethylase were unable to detect such a change (Tu et. al. 2006; Mersmen et. 

al. 2009). However, the Zhang lab did manage to show a clear increase of global 
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H3K4me3 levels in a jhd2∆ strain of S. cerevisiae (Liang et. al. 2007). It is difficult to 

explain why different labs see different results with similar experiments. Perhaps it has to 

do with the antibodies used, or the sensitivity of the western blot. Regardless, the 51% 

global increase of H3K4me3 in the jhd2∆ strain as compared to wild type, cannot account 

for the observed 221% increase of H3K4me3 signal in the ada2∆ sas3∆ jhd2∆ strain as 

compared to the ada2∆ sas3∆ strain. 

4.1.3 How does H3K14ac protect H3K4me3 from demethylation by Jhd2? 
 
 There are two possible explanations for how H3K14ac prevents removal of 

H3K4me3 by Jhd2.  First, Jhd2 may specifically interact with an unmodified H3K14 

effectively recruiting this protein to the H3 tail.  If this is the case then although loss of 

the H3 HATs should result in increased Jhd2 binding and decreased H3K4me3, mutation 

of H3K14 should not.  We found that replacing lysine 14 with either arginine, or 

glutamine had the same effect on histone methylation suggesting that this simple model is 

incorrect. However, one caveat is that H3K14ac may cause a conformational change to 

the H3 tail that prevents docking of Jhd2.  Indeed it has been previously shown that 

acetylation of the H4 tail increases the alpha-helicity of the tail, effectively shortening the 

tail (Wang et.al. 2000). If the H3 tail undergoes a similar “shortening” upon acetylation 

of H3K14, this may weaken the interaction of Jhd2 with chromatin. Consistent with this 

hypothesis, any acetylation-induced structural change in the H3 tail would be unique to 

H3K14ac and could not be recapitulated by any other amino acid at this site.   

The second explanation for how H3K14ac protects H3K4me3 from Jhd2 is that a 

protein that specifically recognizes H3K14ac blocks access of Jhd2 to the chromatin.  

Since this protein could not bind H3K14R or H3K14Q, these mutations would result in 
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the same loss of methylation as disruption of the H3-specific HATs.  The only domain 

known to selectively bind acetylated lysines is the bromodomain.  If a bromodomain-

containing protein binds H3K14ac and blocks the access of Jhd2 to H3K4me3, then 

mutation of the bromodomain should result in the same loss of H3K4me3 as observed in 

a H3K14 mutant.  There are 11 bromodomain-containing proteins in yeast and none were 

identified in screens for genes required for H3K4me3.  However, since many 

bromodomain-containing proteins are essential for cell growth, and thus were not tested, 

this hypothesis remains a possibility. 

4.1.4 Jhd2 only appears to demethylate tri-methylated H3 
 
 Our results differ noticeably from the Shilatifard lab’s in that we could still detect 

a small amount of H3K4me3 in our lysine mutants while the Shilatifard lab could not. 

We attributed this to the fact that our anti-H3K4me3 antibody cross-reacts with 

H3K4me2. Though this did not hinder the interpretation of the data, it does help bring up 

an interesting point. Why does Jhd2 only demethylate tri-methyl H3 and not di-methyl 

H3? It is possible that Jhd2 functions as part of a complex and some other regulatory 

protein inhibits the full demethylase activity of Jhd2 until the right conditions are met. 

Testing of this possibility will have to wait until the physical interacting partners of Jhd2 

and the other histone demethylases are identified. 
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4.1.5 The histone demethylases of S. cerevisiae contain putative methyl-lysine 
binding domains 
 
 One last interesting observation about Jhd2 that warrants further investigation is 

its PHD finger. In fact, three of the five histone demethylases in yeast, Jhd1, Jhd2, and 

Ecm5, have a PHD finger, and the other two have a similar zinc finger structure. The role 

of these putative MBDs located in demethylases remains mostly uninvestigated. Do they 

play a role in substrate recognition? Or do they mediate histone cross-talk by targeting 

these histone demethylases to different methyl marks than the ones that their JmjC 

domains specifically remove? While the PHD finger of Jhd2 does not bind methylated or 

unmethylated H3 tail peptides, the PHD fingers of Jhd1 and Ecm5 specifically interact 

with H3K4me3 and H3K36me3 respectively (Shi et. al. 2007).  However since deletion 

of JHD1 or ECM5 does not result in significant changes in either methylation mark, the 

relevance of this data is unclear. ChIP and co-localization studies would be an excellent 

technique to help elucidate the potential role of these domains. Additionally being able to 

observe the localization of Jhd2 would allow one to see if H3K14ac protects chromatin 

by physically excluding the demethylase from these regions. Even though some of the 

physiological roles of histone demethylases are beginning to be unraveled, there are still 

many questions to be answered in the new and exciting field of histone demethylases. 

4.1.6 Conclusions 
 

H3K4me3 is arguably the most highly used indicator of transcriptional activity. 

However, how H3K4me3 is removed upon transcription repression has not been 

characterized. In this work we have shown for the first time how the cell mediates erasure 

of this hallmark of transcriptional activity, through the actions of the histone demethylase 
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Jhd2. Moreover, the observed sensitivity of Jhd2 to H3K14ac, may help explain why 

disruption of other HDMs results in such minor changes in histone methylation. 

4.2. Methyl-lysine binding domains of Isw1b 
 
 The methylation mark on histones carries out its downstream effects by means of 

binding domains that recognize the methylated histone. These MBDs are found in 

proteins and protein complexes with chromatin-modifying functions. The MBDs are 

responsible for localizing the chromatin-modifying proteins to the regions of chromatin 

that bear the methylation mark specific to that MBD. With many different MBDs each 

specifically targeted to a small set of the many different histone methylation marks, 

histone methylation and MBDs have a remarkable capacity for regulation of chromatin-

modifying activities. 

Isw1 is the catalytic subunit of multiple ATP-dependent chromatin-remodeling 

complexes, and is highly conserved in eukaryotes. Isw1 has numerous functions in the 

cell including both activation and repression of different genes. Regulation of Isw1 

activity appears to be achieved, in part, through incorporation into protein complexes. 

One such complex is Isw1b, which contains a PHD finger in the subunit Ioc2, and a 

PWWP domain in the subunit Ioc4. We used ChIP to investigate the roles that these 

MBDs play in the localization of Isw1b to chromatin, and our data suggest that Ioc4’s 

PWWP domain is indeed a MBD that localizes Isw1b. We also found that the Ioc2 

subunit was very important for localization of Isw1b, but our mutation of its PHD finger 

did not have any noticeable effects. For a schematic summary of our results see figure 

4.1. 
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Figure 4.1 Isw1b complexes binding to methylated chromatin 
 
Schematic representation of Isw1b-chromatin interactions of various mutant strains based 
on our results. The circles on the chromatin represent histone methylation. Black arrows 
indicate chromatin binding affinity with thicker arrows representing greater affinity. Grey 
arrows indicate that Ioc2 is only partially associated with Isw1. 
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4.2.1 The PHD finger of Ioc2 in Isw1 complex stability and localization 
 
 Ioc2 was found to be essential for the formation of the Isw1b complex and 

important for its proper localization. This was clearly indicated by the inability of Ioc4-

6HA to co-purify with Isw1-TAP in an ioc2∆ strain, as well as the inability of Ioc4-6HA 

to fully localize to chromatin in an ioc2∆ mutant. However, our D574A mutation of the 

PHD finger of Ioc2 had no noticeable affect on either Isw1b complex integrity or Ioc4-

chromatin interaction. In fact Ioc4-6HA seemed to localize to chromatin better after the 

PHD finger was mutated. The simplest interpretation of this data is that Ioc2’s role is to 

incorporate Ioc4 into the Isw1b complex in a PHD finger-independent manner and the 

PHD finger is not required for localizing Isw1b, at least in the context of MET16. An 

alternate explanation is that the conserved aspartic acid, though important in other PHD 

fingers, is not an essential residue for chromatin binding in the non-canonical PHD finger 

of Ioc2. If so we may have obtained different results had we mutated the conserved 

tryptophan in the methyl-binding cage. 

Deletion of IOC2 results in decreased ChIP of Ioc4-6HA suggesting that while the 

Ioc2 PHD finger is dispensable for Isw1b-chromatin interaction, full length Ioc2 is not.  

This may indicate that there is an uncharacterized chromatin-binding domain in Ioc2 that 

has not yet been discovered. If so deletion mapping may reveal such a domain. 

Alternatively, Ioc2 may be important for Isw1b-chromatin interactions because it bridges 

the chromatin binding abilities of Isw1 and Ioc4.  Isw1 contains two domains, the SANT 

and SLIDE domains, which have been shown to bind chromatin (Pinskaya et al., 2009).  

By linking the chromatin-binding abilities of Isw1 and Ioc4 (described below) Ioc2 may 
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enhance the binding of Isw1b to chromatin.  Whether this is the primary role of Ioc2, or 

whether it contacts chromatin directly, cannot be differentiated with our data. 

4.2.2 Ioc4 negatively regulates the interaction of Ioc2 with chromatin 
 
 Fascinatingly, Ioc2-6HA localization to chromatin is enhanced in the absence of 

Ioc4, even though loss of Ioc4 results in a significant reduction of Ioc2 association with 

Isw1 (Fig. 3.11; Fig. 3.9A). This suggests that Ioc4 negatively regulates Ioc2’s ability to 

associate with chromatin. This regulation may be direct, in that the presence of Ioc4 in 

the Isw1b complex alters the chromatin-binding ability of Ioc2 or Isw1. This assumes that 

Isw1b has chromatin-binding activity that is not disrupted by our D574A mutation of the 

Ioc2 PHD finger. If this is the case, whatever Isw1-Ioc2 complex that remains in an 

ioc4∆ strain would have to have greatly increased binding affinity for chromatin as 

compared to intact Isw1b complex. 

 Another explanation for enhanced Ioc2 ChIP in an ioc4∆ mutant is that Ioc2 has a 

function that is independent of Isw1b.  We have shown that in an ioc4∆ mutant there is 

less Ioc2 associated with Isw1.  Dissociation of Ioc2 from the Isw1b complex in an ioc4∆ 

strain may result in the accumulation of Isw1b-independent Ioc2, which may bind 

chromatin better than Isw1b-associated Ioc2. There is support for existence of Isw1b-

independent Ioc2, evident in the initial identification of Ioc2 (Vary et. al. 2003). When 

myc tagged Ioc2 was purified, there were two elution peaks, one large peak for Isw1b, 

and a smaller uncharacterized peak, which may be the independent Ioc2. Additionally an 

Isw1b-independent form of Ioc2 may explain why Ioc2 has a putative MBD that does not 

appear to be important for the localization of Isw1b. It would be interesting to see what 
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the effect of mutating the PHD finger of Ioc2 would be on its localization in an ioc4∆ 

strain.  

4.2.3 The PWWP domain of Ioc4 in Isw1b complex stability and localization 
 

Ioc4 is important for the stability of the Isw1b complex, as seen by reduced co-

purification of Ioc2-6HA with Isw1-TAP in an ioc4∆ strain. However, there is still some 

association of Ioc2-6HA with Isw1 suggesting that the interaction is not entirely 

dependent on Ioc4. What is interesting though is that the PWWP domain of Ioc4 is also 

needed for Isw1 to fully co-purify with Ioc2-6HA, yet mutation of the PWWP domain 

does not inhibit the interaction between Ioc4 and Isw1. It would appear that the PWWP 

domain of Ioc4 is important for the incorporation of Ioc2 into the Isw1b complex, though 

not entirely necessary, as some Ioc2-Isw1 interaction persists. 

 The PWWP domain of Ioc4 is essential for localization of Ioc4 to chromatin. We 

first showed this in the context of wild type Isw1b, where mutation of Ioc4’s PWWP 

domain prevents ChIP of Isw1b. To ensure that this loss of ChIP was not due to 

dissociation of the Isw1b complex we repeated the experiment in an ioc2∆ strain. In this 

strain the Isw1b complex is completely dissociated, yet some Ioc4-6HA still interacts 

with chromatin. However, this Isw1b-independent interaction is dependent on the PWWP 

domain. Thus we have conclusively shown that the PWWP domain is required for Ioc4 

localization to chromatin, though we must note that this interaction is considerably 

weaker then that of wild type Isw1b. 
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4.2.4 Isw1b is dependent on both H3K4 and H3K36 methylation for localization 
 
 Using ChIP we have provided evidence that the Isw1b complex is dependent on 

both H3K4 methylation and H3K36 methylation for localization to chromatin. Even 

though we have not demonstrated a direct biochemical interaction between the subunits 

of Isw1b and methylated histones, we have shown that SET1 and SET2 are required for 

ChIP of both Ioc2-6HA and Ioc4-6HA, thus supporting the idea of an interaction between 

Isw1b and methylated histone H3. The fact that both set1∆ and set2∆ strains, which are 

lacking H3K4 methylation and H3K36 methylation respectively, show similar losses of 

Isw1b-chromatin interaction strongly suggests that Isw1b is recognizing two methylation 

marks co-operatively, and both are needed for full localization of Isw1b. Likely 

candidates are H3K36me3 and H3K4me1, which both tend to localize at the 3’ end of 

actively transcribed genes. Furthermore, co-operative binding is also suggested by the 

relatively weak binding of Ioc4’s PWWP domain to chromatin when not in the context of 

Isw1b. Unless incorporation of Ioc4 into Isw1b drastically alters its binding affinity, 

some other interaction must be aiding in the localization of Isw1b. Perhaps our D564A 

mutation of Ioc2 does not affect its chromatin binding ability and Ioc2 is contributing to 

the interaction. Alternatively, Isw1 itself plays a role in binding chromatin through its 

SANT and SLIDE domains. It may be that Ioc4’s PWWP domain has relatively little 

impact on the binding of Isw1b to chromatin, but the additional binding affinity it does 

provide is what preferentially targets Isw1b to the 3’ end of MET16 as apposed to 

somewhere else that Isw1 may be needed. Or perhaps the combination of a couple weak 

interactions, including the PWWP domain of Ioc4, creates a strong multivalent 

interaction that is specific to certain combinations of methylation marks. 
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4.2.5 Conclusion 
 
 Methyl-lysine binding domains have been the focus of intense study due to their 

complex regulatory roles, yet the PWWP domain has just recently been identified as one. 

Here we not only identify the second PWWP domain required for chromatin localization, 

but show how it is involved in localizing the highly conserved Isw1 protein to specific 

regions of chromatin. Our data also suggests that Ioc2 may be involved in a chromatin 

binding activity that is inhibited by its association with Ioc4. Whether this involves Isw1, 

and whether the Ioc2 PHD finger is involved, is still unknown but may warrant 

investigation. Overall, this research has shed some light on the vast regulatory network of 

histone methylation in yeast. 
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