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Summary 

 

Nucleosomes are building blocks of the eukaryotic chromatin which package genomic DNA 

with histones. The modification patterns of histones constitute an important signaling pathway 

for various nuclear processes. H3K36 methylation is catalyzed by the histone methyltranserase 

Set2 during transcription elongation. This important histone mark is ubiquitously presented in all 

organisms from yeast to mammals. In this study, we set out to investigate the molecular 

mechanisms by which the Set2 activity is precisely regulated during dynamic transcription cycle.   

In the first part of the study we discovered a novel role of the Set2 SRI domain, which is 

responsible for the binding of Set2 to elongating RNA polymerase II. We show that SRI also 

binds to DNA which determines the substrate specificity of Set2. In addition, we identified a 

novel auto-inhibitory role for the middle region of Set2 in regulating catalytic activity of Set2. 

Remarkably, mutations at this region cause hyperactivities, which in turn lead to synthetic 

phenotype with an essential histone chaperone FACT. Our data suggests that a temporal control 

for dynamic chromatin regulation is needed during transcription elongation process.    

In the second part, we investigated the molecular mechanism by which elongating Pol II 

regulated the Set2 activity beyond its initial recruitment. Surprisingly, we found the excessive 

amount of phosphorylated serine residues on Pol II CTD inhibited Set2 activity in vitro. 

Subsequent biophysical examination revealed that the additional phosphorylated CTD repeats 

collaterally occupied the surface of SRI where SRI contacts DNA. Finally, we determined that 

the minimal recognition unit of Set2 on fully phosphorylated CTD tail is three heptad repeats, 
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and demonstrated that this minimal unit is sufficient for the Set2 recruitment without disrupting 

its catalytic activity. Since Pol II CTD utilizes repeating sequence as a scaffold for multiple 

factors, our results implicate that an organized spatial arrangement of these factors along CTD is 

necessary for accommodating their individual functions.   

In the last part of this work, we examined the state-specific functions of H3K36 methylation. 

By manipulating the catalytic domain of Set2, we obtained two mutants that can catalyze specific 

methyl-states of H3K36 both in vitro and in vivo. Genetic studies showed that cells carrying 

these two mutants displayed distinct phenotypes in several functional pathways, including 

histone chaperone, CTD proline isomerization and double-strand DNA repair. Our results 

suggest individual methyl-state of H3K36 plays non-redundant biological roles in cells. 

 In summary, we discovered multiple mechanisms by which Set2 is dynamically regulated by 

elongating Pol II. Setd2, the human homolog of yeast Set2, has been shown recently to be one of 

the most important tumor suppressors among chromatin regulators. Given the highly conserved 

nature of this histone methyltransferase family, we believe that our mechanistic studies here may 

shed lights on the roles of Setd2 in tumorigenesis.  
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Chapter1 INTRODUCTION 

 

1.1 Chromatin regulation 

 

Chromatin is organized in arrays of nucleosomes (Kornberg, 1977).Two copies of each histone 

proteins, H2A, H2B, H3 and H4, form an octamer that is wrapped by a 146 base pairs of DNA to 

assemble a nucleosome core. DNA interacts with histone octamers through fourteen independent 

contacts (Luger and Richmond, 1998). Nucleosomes are densely packed to achieve the 

10,000–20,000-fold compaction which is necessary to fit a genome into the small volume of the nucleus 

(Woodcock and Ghosh, 2010). To coordinate with various nuclear processes, the compacted 

nucleosomes also need to be dynamically regulated in several pathways, including ATP-dependent 

chromatin remodeling enzymes (Hargreaves and Crabtree, 2011) ,covalent modification of 

histones(Zentner and Henikoff, 2013) and replacement of canonical core histones with specialized 

variants (Talbert and Henikoff, 2010). 

 

Chromatin remodeling and histone dynamics 

Nucleosome remodelers use the energy produced from ATP hydrolysis to change the packaging 

state of chromatin by mobilizing, sliding nucleosomes along the DNA template, or disassembling 

histone octamers from DNA. (Clapier and Cairns, 2009). There are currently four different families of 

chromatin remodeling complexes: SWI/SNF family, ISWI family, CHD family, and INO80 family. All 

four types of remodelers utilize ATP hydrolysis to alter histone-DNA contacts and share a similar 

ATPase domain but are also specialized for particular purposes and biological contexts. 

 

Histone modification 

Histones are subject to a vast number of post-translational modifications (PTMs), such as 

methylation, acetylation, ubiquitination, ADP-ribosylation and sumoylation of lysine (K) residues; 

methylation of arginine (R) residues; and phosphorylation of serine (S) and threonine (T) 

residues(Bannister and Kouzarides, 2011). Histone modifications exert their effects via two main 

mechanisms. The first involves the direct influences of the overall chromatin structure and the second 

involves the modification related binding of effector molecules. For instance, histone acetylation 

effectively reduces the positive charge of histones, and this mechanism has the potential to disrupt 
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electrostatic interactions between histones and DNA (Hong et al., 1993; Workman and Kingston, 1998). 

A recent study shows that H4-K16Ac which has roles in transcriptional activation and the euchromatin 

maintenance (Suka et al., 2002) modulates both higher order chromatin structure and functional 

interactions between chromatin remodelers and the chromatin fiber (Shogren-Knaak et al., 2006). 

Meanwhile, it has been shown that β-globin locus where the genes reside within a hyper-acetylated and 

transcriptionally competent chromatin environment displays DNase sensitivity (Kouzarides, 2007). 

Numerous chromatin-associated factors have been shown to specifically interact with modified 

histones via many distinct domains (Yun et al., 2011). “Histone code” hypothesis proposes that the 

histone modifications serve to recruit other proteins to bring about distinct downstream events (Strahl 

and Allis, 2000). Methylation is recognized by chromo-like domains of the Royal family (chromo, tudor 

and MBT) and unrelated domains such as ankyrin repeats, zf-CW, PWWP and PHD domains(Yun et al., 

2011). Although different binders are folded differently to fulfill other structural requirements, binding 

surfaces of the domains that recognize the same mark remarkably resemble each other. For example, 

TAF3-PHD domain and double-Tudor domain of JMJD2A both apply similar binding surfaces to 

recognize H3K4me3 peptide (Huang et al., 2006). Moreover, distinct from other modifications, lysine 

methylation has multiple methyl states (mono-, di-, and tri- methylation). In some lysines, different 

methyl-states are recognized by different sets of effectors to differentiate the state-specificity of 

methylation. For instance, Pdp1 binds to H4K20me1 for cell-cycle regulation, whereas Crb2 recognizes 

H4K20me2 to control a DNA damage checkpoint(Wang and Jia, 2009). However, at other sites, methyl 

states only control the binding strength of the same chromatin regulators. For example Rpd3S binds to 

H3K36me3 nucleosomes with the highest affinity and these binding decreases as the number of methyl 

state reduces (Li et al., 2009a) .   

Acetylation is recognized by bromo domains (Dhalluin et al., 1999) and the tandem PHD domain 

(Lange et al., 2008; Zeng et al., 2010). Many bromo domains bind to multiple acetylated histones, and 

the tandem PHD domain of human DPF3b also prefers acetylated H3 and H4(Lange et al., 2008), 

indicating the lack of unique sequence recognition by these readers. Meanwhile, two readers have been 

identified to recognize histone phosphorylation. The BRCT domain of MDC1 binds to phosphorylated 

Serine near the C-terminus of histone H2AX (Stucki et al., 2005). Mammalian 14-3-3ζ recognizes 

H3S10ph peptide using a deep scaffold (Macdonald et al., 2005) while yeast14-3-3 proteins Bmh1 and 

Bmh2 also bind to H3S10ph (Walter et al., 2008). 
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Histone Variant Incorporation  

Histone variants have distinct amino acid sequences that can influence both the physical properties 

and dynamics of the nucleosome. The genome packaged by canonical histones can be replaced with 

histone variants that alter nucleosome structure, stability, dynamics, and, ultimately, DNA accessibility 

(Weber and Henikoff, 2014). 

 For instance, H3.3 is preferentially incorporated over transcribed regions independent of DNA 

replication (Mito et al., 2005). Yeast version of H3 most closely resembles the H3.3 variant rather than 

the replication-dependent H3.1in human (Malik and Henikoff, 2003). In metazoans, H3.3 differs from 

H3 by only four to five amino acids (Filipescu et al., 2013). Three of these differences are found within 

the core histone fold domain and specify the alternative deposition pathways (Ahmad and Henikoff, 

2002). Meanwhile, H2A.Z has been found to associate with gene activation and promote elongation 

(Santisteban et al., 2011). H2A.Z is only -60% identical to H2A within species, but is relatively 

conserved between different species and is essential in metazoans (Zlatanova and Thakar, 2008). H2A.Z 

has an extended acidic patch, which stimulates remodeling activity with the ISWI ATP-dependent 

remodeler (Goldman et al., 2010). In yeast, H2A.Z can be bound by the general H2A/H2B chaperone 

Nap1 or Chz1, which preferentially binds H2A.Z over H2A (Luk et al., 2010). These chaperones provide 

a source of H2A.Z for the Swr1 remodeling complex, which exchanges H2A.Z for H2A (Mizuguchi et 

al., 2004). 

1.2 Regulation of Set2 -mediated H3K36methylation  

 

Like all other histone methylation, H3 lysine 36 residues can be modified with mono-, di- or tri- 

methyl groups, which significantly extends the complicity of the H3K36 methylation “language” (Zhang 

et al., 2012c). Set2-mediated H3K36me is modulated by a variety of factors including elongating Pol II, 

transcription factors, histone chaperones ,histone binding surfaces and demethylases (Venkatesh and 

Workman, 2013). 

 

1.2.1 H3K36 methyltransferases in yeast and higher eukaryotes 

To date, at least eight distinct mammalian enzymes have been identified to methylate H3K36 in 

vitro and /or in vivo. All of them have the catalytic Su(var)3-9, E(z), and trithorax (SET) domain in 

common but they also have varying preferences to produce different methylation states on lysine 36 



 
 

5 
 

(Wagner and Carpenter, 2012). In both budding and fission yeasts, Set2 is the only methyltransferase 

performing all three methylation reactions at H3K36 (Morris et al., 2005; Strahl et al., 2002). However, 

human Setd2/Hypb, the ortholog of yeast Set2, is thought to be the only H3K36 tri-methylase (Edmunds et 

al., 2008; Yuan et al., 2009). Meanwhile, other H3K36 methyltransferase also have been discovered: 

Nuclear receptor SET domain-containing (NSD) family members (NSD1/2/3) have been found as H3K36 

mono-and di- methyltransferases both in vivo and in vitro (Kuo et al., 2011; Li et al., 2009b; Rayasam et 

al., 2003; Yang et al., 2008) while NSD1 and NSD2 also methylate H4K20 in different substrate contexts 

(Hajdu et al., 2011; Li et al., 2009b; Pei et al., 2011). Moreover, ASH1L (An et al., 2011; Gregory et al., 

2007), SMYD2 ((Abu-Farha et al., 2008; Brown et al., 2006), SETMAR (Fnu et al., 2011; Lee et al., 2005) 

and SETD3 (Eom et al., 2011) have also been identified as H3K36 mono- or di- methyltransferases. 

 

1.2.2 Factors that influence Set2 mediated HK36 methylation  

Elongating Pol II:  

Set2 has been shown to associate with the elongating form of Pol II through the binding between its 

C-terminal Set2-Rpb1 Interaction Domain (SRI) (Kizer et al., 2005; Krogan et al., 2003; Li et al., 2003a; 

Xiao et al., 2003b). SRI domain recognizes the Ser2/Ser5 phosphorylated C-terminal domain (CTD) (Li et 

al., 2005; Vojnic et al., 2006). Loss of the SRI domain abolishes di- and tri-methylation of H3K36 (Kizer 

et al., 2005), while over-expressing SET domain alone restores H3K36me2 (Youdell et al., 2008) 

indicating phosphorylated CTD contact is particular required for H3K36me3(Fuchs et al., 2012). 

 

Transcription elongating factors: 

RNA Pol II associated factor 1(Paf1) and CTD kinase CTDK-1, Bur1/Bur2 complex have been 

shown to be involved in transcription elongation and histone modification regulation (Hsin and Manley, 

2012; Jaehning, 2010). Disrupting each subunit of the transcription factor Paf1 complex, Paf1, Cdc73 or 

Ctr9 results in diminished H3K36 tri-methylation (Chu et al., 2007; Li et al., 2009a). Consistent with the 

fact that Set2 only binds to phosphorylated Pol II, the kinases were shown to regulate Set2 as well. Loss of 

the CTDK-1 kinase subunit, Ctk1 abrogates methylation of H3K36, while deletion of the other CTD 

kinase gene BUR1 or BUR2 results in the loss of H3K36 tri-methylation (Chu et al., 2006; Youdell et al., 

2008). 

 

Histone chaperones: 
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Histone chaperones are key proteins that function at multiple steps of nucleosome formation 

(Burgess and Zhang, 2013). Multiple lines of evidence suggest histone chaperones are involved in H3K36 

methylation. In yeast, it has been shown that spt16 mutation (subunit of FACT complex) selectively 

reduces H3K36me3 (Chu et al., 2006; Youdell et al., 2008). The FACT complex has been shown to 

facilitate the reassembly of H2A-H2B dimmers that are preferentially mono-ubiquitinated on histone H2B 

(Pavri et al., 2006). Consistent with this fact, loss of Large cells1 (Lge1), a component of the yeast 

Bre1-ubiquitin ligase complex, only causes loss of H3K36me3 (Li et al., 2009a). Another histone 

chaperone, Asf1, which is involved in transcription elongation, has been shown to be necessary for 

maintaining H3K36 tri-methylation without affecting mono- or di-methylation state (Lin et al., 2010). 

Moreover, Spt6 mutants display allele-specific effects of H3K36methylation: in spt6-104 mutant 

onlyH3K36me3 is reduced, while in spt6-1004 mutant there is no H3K36 methylation (Chu et al., 2006). 

Interestingly, in human, Iws1, a Spt6 interacting protein, is shown to recruit Hypb/Setd2 to RNA Pol II 

elongation complex and is required for H3K36me. This result indicates that a mega-complex containing 

histone chaperone and histone methyltransferase is required for maintaining the H3K36 methylation state 

of active genes (Yoh et al., 2008).  

 

Histone surface: 

Set2 has been shown as a nucleosomal H3 selective methyltransferase (Strahl et al., 2002) suggesting 

excepting recognizing H3K36, additional surfaces on nucleosome are also required for Set2 activity. 

Histone H4 is shown to allosterically activate Set2 (Du et al., 2008). Further analysis leads to the 

identification of a trans-histone methylation pathway demonstrating that H4K44 and other histone 

residues (such as H2A L116/L117) are necessary for positioning Set2 active site close to H3K36 on 

nucleosome(Du and Briggs, 2010). Meanwhile, H3P38 is also found necessary for H3K36me3 and 

isomerization of this residue by Fpr4 renders the conformation of H3K36 unsuitable for Set2 to methylate 

H3K36 (Nelson et al., 2006; Youdell et al., 2008). Moreover, deleting 20 amino acids, or substituting 

glutamines for lysines in the H3 tail, greatly impaired K36 methylation suggesting Set2 activity is 

controlled by an intra-tail interactions of nucleosome (Psathas et al., 2009). 

 

Set2 protein stability: 

A recent study also suggests Set2 protein levels influence H3K36 methylation states in yeast (Fuchs 

et al., 2012) . The results show that the disruption of interaction between Set2 and phosphorylated CTD by 
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using yeast mutants defective in CTD phosphorylation at serine 2 results in a destabilization of Set2 

protein levels and H3K36 methylation. The author proposes a model that free form of Set2 which is 

capable to di-methylate H3K36 is degraded in a proteasome-dependent manner. However to finish 

H3K36me3, more retention time of Set2 is required by associating with phosphorylated CTD serine 

residues.   

 

Demethylases of H3K36:  

Histone methylation is dynamically regulated by both histone methyltransferases and histone lysine 

demethylases (KDM) (Shi and Whetstine, 2007) which enzymatically remove histone methyl groups 

(Klose et al., 2006). Yeast H3K36 demethylases include Jhd1 and Rph1, both belonging to the Jumonji 

family histone demethylases (Shi and Whetstine, 2007). Rph1 demethylates both H3K36 di- and tri- 

substrates (Kim and Buratowski, 2007; Klose et al., 2007) while Jhd1 targets mono- and di- H3K36 

(Fang et al., 2007).  

 

1.3 Functions of Set2 mediated H3K36me 

1.3.1. Molecular functions of H3K36 methylation 

Transcriptional regulation: 

Set2-Rpd3S pathway and cryptic transcription: It has been shown that histone deacetylase complex 

(HDAC) Rpd3S recognizes H3K36 methylated nucleosome through both the chromo domain (CHD) 

(Keogh et al., 2005) and the plant homeobox domain (PHD) of its subunits Eaf3 and Rco1, respectively 

(Li et al., 2007b; Reid et al., 2004). Deletion of CHD domain of Eaf3, PHD domain of Rco1, Set2 as 

well as mutation of H3K36 to alanine results in generation of hyper-acetylated chromatin over open 

reading frames (ORFs)(Carrozza et al., 2005b; Joshi and Struhl, 2005; Keogh et al., 2005) . The 

mis-regulated hyper-acetylation at ORFs has been found to cause at least two functional consequences 

including the initiation of intragenic cryptic promoters (Carrozza et al., 2005b; Li et al., 2007b) and 

increased homologous recombination (Pai et al., 2014) (discussed in DNA damage repair). Interestingly, 

in human Sin3B, Pf1, Mrg15, and HDAC1 associate in a stable complex that binds 

H3K4me3/H3K36me3-enriched nucleosomes to restrain the transcription. It has been shown that 

inactivation of this complex promotes increased Pol II progression within transcribed regions and 

subsequent increased transcription (Jelinic et al., 2011) suggesting similar mechanism as Set2-Rpd3S 
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pathway is applied in higher eukaryotes to regulate Pol II transcription. 

The term cryptic transcription in this thesis mainly describes the presence of transcripts initiated 

from intragenic promoters that are usually inaccessible for assembly of the transcription machinery 

(Kaplan et al., 2003). This concept is different from the “pervasive” transcription of non-coding RNAs 

(ncRNA), which are also often referred to as cryptic transcript (Flynn and Chang, 2012). Cryptic 

promoters do not have unified characters in genome. The promoter of FLO8 contains TATA box (Kaplan 

et al., 2003) while others, for instance STE11 does not (Pattenden et al., 2010). These promoters are 

shown to be regulated independently from their individual canonical promoter but share the same 

components of the transcriptional machinery (Pattenden et al., 2010). They largely localize at 

infrequently transcribed loci (Cheung et al., 2008; Li et al., 2007c) and do not interfere with according 

full length transcriptions (Cheung et al., 2008; Smolle et al., 2012). 

 

Other factors affect cryptic transcription: Many other factors are also found to regulate cryptic 

transcription. Some of them act within the Set2-Rpd3S pathway, while others act in parallell with Set2. 

Spt6 and Spt16 (FACT) were first identified to repress transcriptional initiation from cryptic sites 

(Kaplan et al., 2003). Later a systematic screening shows various factors including histone gene 

regulation factors, transcription elongation factors, chromatin assembly factors and remodelers, and 

histone modifiers are required to repress cryptic transcription (Cheung et al., 2008). Deletion of Ctk1, 

the catalytic subunit (Ctk1) of CTD kinase CTDK-1 complex, or Bur2, the cyclin factor within Bur1 

complex, causes cryptic transcription (Chu et al., 2007; Youdell et al., 2008). In addition, deleting 

subunit of the other elongation factor Paf1complex, Ctr9, causes cryptic transcription (Li et al., 2009a; 

Youdell et al., 2008). Furthermore, combinatorial effects are also observed in BUR2Δ SET2Δ, PAF1Δ 

SET2Δ, and CTR9Δ SET2Δ double mutants (Chu et al., 2007) and restoration of H3K36me2 could not 

rescue cryptic transcription by the CTK1 deletion, indicating Set2 independent functions of these factors 

in repression of cryptic initiation (Youdell et al., 2008). 

Mutation of histone H4 K44, H2A L116 and L117 reduce the H3K36me2/3 and cause cryptic 

transcription (Du and Briggs, 2010; Du et al., 2008). H2B ubiquitylation is involved in suppressing 

cryptic initiation of certain genes (Chandrasekharan et al., 2009; Fleming et al., 2008). Meanwhile, 

histone chaperones Rtt106, Asf1 and Rtt109 are identified to regulate cryptic transcription.  Rtt106 

deficient strain shows cryptic transcription (Silva et al., 2012). Deletion of ASF1 or RTT109 displays 

phenotype when combined with SET2 deletion suggesting that Asf1 and Rtt109 function in concert with 
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Set2 pathway to repress cryptic transcription (Venkatesh et al., 2012). Furthermore, histone remodeler 

mutant ∆ISW1 alone causes production of low-to-moderate amounts of cryptic transcripts while 

∆ISW1/∆ CHD1 shows synthetic phenotype. Interestingly, ΔSET2/ΔISW1/ΔCHD1 triple knockout 

further exacerbates the cryptic phenotype, implicating ISW1, CHD1 and SET2 are involved in the same 

pathway (Smolle et al., 2012). 

 

Dosage compensation: Transcription-coupled H3K36 methylation has been shown to correlate with the 

enrichment of Male-specific lethal (MSL) complex linking this histone modification with dosage 

compensation in flies (Bell et al., 2008). To compensate for having only one X chromosome, male flies 

use the MSL complex to up-regulate the expression of X-linked genes by facilitating the progression of 

Pol II across the bodies of those loci (Larschan et al., 2011). In setd2 mutant males, MSL complex 

maintains X specificity but exhibits reduced binding to target genes. Furthermore, recombinant MSL3 

protein (an ortholog of yeast Eaf3) is found to bind nucleosomes marked by H3K36me3 in vitro 

(Larschan et al., 2007) suggesting the importance of H3K36 methylation in dosage compensation. 

 

DNA damage repair: 

H3K36methyation is also critical for the maintenance of genomic stability and response of DNA 

damage repair. In budding yeast, phospho-CTD bound Set2 alleviates cell growth defect of Methyl 

methanesulfonate (MMS) treated cells(Winsor et al., 2013). Set2 has been shown to genetically interact 

with various DNA damage repair response factors including major players in both non-homologous end 

joining (NHEJ) and homologous recombination (HR) pathways. In addition, Set2 regulates 

transcription-dependent dynamic transition between H3K36me3 to H3K36me2 at DSBs indicating the 

state-specific function of H3K36 methylation in DSB repair (Jha and Strahl, 2014). In fission yeast, 

H3K36 modification is shown to control the choice of DSB repair pathway. Set2-dependent H3K36 

methylation reduces chromatin accessibility, reduces resection and promotes non-homologous end 

joining (NHEJ). Loss of Set2 increases H3K36Ac, chromatin accessibility and resection resulting in 

opposite phenotype from the loss of histone acetyltransferase Gcn5 (Pai et al., 2014). In human, Setd2 

facilitates the recruitment of C-terminal Interacting Protein (CtIP) to promote DSB resection, allowing 

Replication Protein A (RPA) and RAD51 to bind at DNA damage sites. (Pfister et al., 2014). H3K36me3 

is also required in vivo to recruit the mismatch recognition protein hMutSα (hMSH2-hMSH6) for DNA 

mismatch repair (Li et al., 2013). Interestingly, other H3K36 methyltransferase is also involved in DNA 
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damage repair pathway. DNA repair protein Metnase (also called SETMAR) which has a SET-like 

histone methylase domain is found to localize at an induced DSB and directly mediated the formation of 

H3K36me2 near the locus. H3K36me2 improved the association of NHEJ pathway DNA repair 

components, including NBS1 and Ku70, at DSB locus to help damage repair (Fnu et al., 2011) 

 

Alternative splicing: 

H3K36me3 is found to preferentially mark exons relative to introns. In addition, alternative exons 

have lower H3K36me3 signal than constitutive exons indicating H3K36me3 exon marking in chromatin 

provides a dynamic link between transcription and splicing (Kolasinska-Zwierz et al., 2009). 

H3K36me3 has been shown important to recruit splicing factor PTBP1to favored exon region to 

determine cell specific expression of protein isoforms. (Luco et al., 2010). Mouse PC4 and SF2 

interacting protein 1 (Psip1) is shown to bind to H3K36me3 nucleosomes directly through its PWWP 

domain and co-localizes with splicing factors to regulate alternative splicing (Pradeepa et al., 2012).  

 

Histone exchange: 

H3K36methylation has been shown to block histone exchange by suppressing histone chaperones 

binding and recruiting chromatin remodelers. It has been shown that H3K36 methylation suppresses the 

interaction of H3 with histone chaperones, histone exchange over coding regions and the incorporation 

of new acetylated histones (Venkatesh et al., 2012). Meanwhile, Isw1b chromatin-remodeling complex 

is specifically recruited to ORFs by H3K36 methylation through its PWWP domain of the Ioc4 subunit. 

Isw1b cooperates with Chd1 to regulate chromatin structure and prevent trans-histone exchange (Smolle 

et al., 2012). 

 

1.3.2 Implications in development and diseases 

In higher eukaryotes, defects in genes that maintain the levels of H3K36methylation cause 

developmental defects and diseases (Wagner and Carpenter, 2012). Homozygous disruption of 

SETD2/HYPB impairs H3K36me3 and results in embryonic lethality at E10.5-E11.5 with severe 

vascular defects (Hu et al., 2010). This result indicates Setd2/Hypb is required for embryonic vascular 

remodeling. More importantly, the SETD2 gene is found among the most mutated cancer genes across 

21 tumor types (Lawrence et al., 2014). Mutated SETD2 is linked to sporadic clear renal cell carcinoma 

(Brugarolas, 2014; Duns et al., 2010), leukemia (MLL-associated acute myeloid leukemia (AML))(Zhu 
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et al., 2014), T-cell precursor acute lymphoblastic leukemia (Zhang et al., 2012b), pediatric acute 

lymphoblastic leukemia (Mar et al., 2014), breast cancer (Al Sarakbi et al., 2009; Newbold and Mokbel, 

2010) and hemispheric high-grade gliomas (Fontebasso et al., 2013). Moreover, a histone H3K36M 

mutation that can inactivate Setd2 was linked to two early-onset cancers: chondroblastoma and giant cell 

tumor of bone (Behjati et al., 2013). However, the detailed mechanism of SETD2 mutation related 

tumorigenesis remains largely unknown.  

  

1.4 Pol II CTD code 

1.4.1 Structure of the Pol II CTD 

Pol II C-terminal repeat domain (CTD) of Rpb1, the largest subunit of Pol II is a repetitive 

domain that extends from the catalytic core of the enzyme. The CTD comprises tandem repeats of 

heptapeptides with the consensus sequence of Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 (YSPTSPS) as well 

as non-repeat linker region and the rump domain(Corden, 2013b). While the sequence of the repeat is 

conserved in S. cerevisiae and mammals, the length of the CTD differs markedly, with 26 and 52 repeats, 

respectively. Though in the crystal structures of yeast Pol II, the CTD and an 80-amino- acidresidue 

linker connecting to the polymerase core are not visible due to motion or disorder (Armache et al., 2005; 

Cramer et al., 2001), the RNA exit region is located near the last ordered residue of Rpb1,L1450, at the 

beginning of CTD linker (Cramer et al., 2001; Meinhart et al., 2005) suggesting that CTD is flexibly 

linked to the adjacent RNA exit region of the enzyme. The largely disordered nature of the free CTD 

allows for many different interactions with target proteins. In fully extended β-strand conformation, the 

theoretical length of the yeast CTD and linker would be ~650 Å and 250 Å, respectively, while the core 

of Pol II is about150Å in diameter (Cramer et al., 2001). The phosphorylation of the CTD may produce 

a more extended structure as the negatively charged side chains will tend to repel one another(Zhang and 

Corden, 1991). Interestingly, one of the recent studies suggests that flexible protein structure adjacent to 

essential heptad sequence is requred for CTD function by showing insertion of poly-alanine residues 

which form stable secondary structures causes lethality. Such less flexible spacing sequences are shown 

to compromise interactions between CTD kinase and CTD mutants (Liu et al., 2010). 

 

1.4.2 Amino acid sequence code 

Individual amino acid code 
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Each of seven amino acid within heptad is considerred the letter of CTD code. Genetic studies have 

helped to define the roles of each amino acids within the repeating sequence. In S. cerevisiae, 

replacement of thephosphorylation sites, Ser2 or Ser5 with either Ala or Glu causes lethality(West and 

Corden, 1995), which is consistent with essential roles for both the phosphorylated and 

unphosphorylated form of the CTD. Altering the order of Ser2 and Pro3 also is lethal indicating the need 

for correct spacing of the heptad Pro residues. Changing the Tyr1 to Phe is also lethal arguing for a 

possible role for Tyr phosphorylation. (West and Corden, 1995). Moreover, substitution of Ser7 with Glu 

is lethal suggesting dephopshorylation of this residue is important(Zhang et al., 2012a). Lastly, 

substitution of Thr4 and Ser7 by Ala supports viability (Stiller et al., 2000).  In S. pombe, Ala 

substitutions at Pro3, Ser5, and Pro6 were found to be lethal, but in contrast to the S. cerevisiae CTD, 

Ser2 to Ala or Tyr1 to Phe substitutions were not lethal (Schwer et al., 2012). Meanwhile, substituting 

Thr for Ser2 or Ser5 yielded different results. In the case of Ser2, Thr substitution is not lethal but a Ser5 

to Thr is lethal indicating that at this position the presence of an extra methyl group interferes with CTD 

conformation or interaction with modifying enzymes. Substituting either Val or Ala at Thr4 was not 

lethal indicating that phosphorylation of this residue in S. pombe is not essential. Finally, Gly 

substitution at Pro3 is lethal while substitution at Pro6 is not, although these cells grow slowly(Schwer 

and Shuman, 2011). In human cells, Ser2 or Ser5 substituted with Ala causes lethality (Hintermair et al., 

2012). However, only the substitution of Ser7 with Ala is viable while substitution of each repeat with 

Glu or Thr/Lys in alternating repeats is not viable. This indicates that phosphorylation of Ser7 may not 

be essential (Chapman et al., 2007). Moreover, Thr4 substituted with either Val or Ala is not able to 

support growth but Thr4 substituted with Ser is viable. This result is consistent with an essential function 

for Thr4 perhaps requiring phosphorylation (Hintermair et al., 2012). 

 

Functional unit of CTD  

The tandem nature of the CTD suggests that the heptad repeat is the “functional unit”. However, 

Stiller and colleagues showed that addition of a single alanine residue in each heptad repeat was lethal 

(Stiller and Cook, 2004) indicating the functional unit comprises more than one repeat.The functional 

unit of the CTD was first found as a two-heptad pair (Stiller and Cook, 2004) by showing the insertion 

of an alanine residue between di-heptads maintains almost normal growth phenotype. Later studies 

further narrowed down the sequence of minimal functional unit to one full heptad and the next three or 

four residues of the following repeat in both budding and fission yeasts. In S. pombe substituting 
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positions 5−7 of the distal di-heptad (YSPTSPSYSPTAAA) 7 had no discernible effect on growth 

indicating Ser5-Pro6 sequence is not required in every repeat. Similarly in S. cerevisiae, YSPTSPSYSP 

has been found as the minimal functional unit sequence (Liu et al., 2010; Schwer et al., 2012). 

 

Spacing of functional units  

Tandemly repeated CTD sequences make functional units overlapping (e.g. any Y1S2P3 sequence 

outsiede the first heptad can also be utilized as last three letters of the minimal functional unit: 

Y1S2P3T4S5P6S7 Y1S2P3 ). It is thought that this global, tandemly repeated structure provides the largest 

number and densest packing of binding positions along CTD (Liu et al., 2010). And this feature of CTD 

also raises a question that whether the spacing of each functional unit affects CTD function. In budding 

yeast, the spacing of consecutive CTD functional units is not critical as up to five Ala residues between 

di-heptads is viable. However insertion of seven Ala residues between di-heptads is lethal but between 

tri-heptads is not (Stiller and Cook, 2004). Similar result has also been observed in fission yeast (Schwer 

et al., 2012). Installing blocks of two to five Ala at the distal end of each mininal fucntion unit 

(e.g.YSPTSPSYSPTAA) shows deteriorated growth phenotypes which correlate with the increment of 

Ala number under various temperature conditions. Interestingly,substituting two Pro residues in a seven 

Ala restores viability of budding yeast by disrupting stable secondary structures that are formed by 7Ala 

sequence (Liu et al., 2010) indicating helical inserts may alter the conformation of adjacent functional 

unit. 

 

1.4.3 Post-translational modifications of CTD  

All repeats of CTD undergo a dynamic cycle of post-translational modifications. The modification 

patterns are recognized by CTD interacting proteins. The interplay of the modifying enzymes together 

with the functional output generated by the recognizing factors gives rise to the idea of a CTD code . In 

this theis we mainly focus on discussing serine phosphorylation of CTD. 

The phosphorylation of Ser2 and 5 residues is the most characterized CTD modification (Corden, 

2013a). Ser7 on CTD is also phosphorylated during transcription (Chapman et al., 2007). Kin28, the 

enzyme responsible for phosphorylating Ser5, also phosphorylates the Ser7 (Glover-Cutter et al., 2009). 

Instead of affecting expression of protein coding genes, Ser7A mutation is found to influence a class of 

Pol II transcribed genes encoding small nuclear RNAs (snRNA) (Egloff et al., 2007). In addition, 

phosphorylation of Tyr1 and the kinase responsible of this modification, cAbl were known long ago 
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(Baskaran et al., 1993). Tyr1P appears downstream of TSS, is present along coding sequences and drops 

until the end of gene. It has been shown that the presence of phosphorylated Tyr1 inhibits the association 

of termination factors to the CTD, thus preventing aberrant termination of transcription (Mayer et al., 

2012). Furthermore, phosphorylated Thr4 is enriched in the body of genes while low levels are detected 

at polyA sites in yeast. Mutations of Thr4 do not influence yeast viability, but its substitution in higher 

eukaryotes with valine or alanine has been shown to be lethal (Hintermair et al., 2012; Hsin et al., 2011). 

Dynamic glycosylation occurs at Thr4 (Comer and Hart, 2001; Kelly et al., 1993), Ser5 and Ser7 

residues of the CTD by O-GlcNAc transferase (OGT) (Ranuncolo et al., 2012). Since glycosylation and 

phosphorylation are mutually exclusive, it suggests a functional role of Ser2/Ser5-G in preventing 

phosphorylation of CTD before its recruitment on promoters (Ranuncolo et al., 2012). 

Two proline residues of the heptad (P3 and P6) can be found either in cis or in trans conformation, 

which further increases the combinations of CTD post-translational modification. Peptidyl-prolyl 

cis/trans isomerase (PPIases) is characterized to catalyze such conformational changes. Pin1was found 

as a PPIase in human (Albert et al., 1999). It has been shown Pin1 activity depends on phosphorylation 

of its target site: Ser or Thr followed by Pro (Yaffe et al., 1997). A genetic study shows that Pin1 inhibits 

dephosphorylation of the CTD by Fcp1(Xu et al., 2003) indicating that the proline isomerization status 

interplay with other CTD modification. In yeast, Ess1 is the homolog of Pin1. Like Pin1,it has been 

shown to interact with the CTD (Hanes et al., 1989; Morris et al., 1999) and isomoerize the Ser5-Pro6 

bond more effectively than the Ser2-Pro3 bond in vitro(Gemmill et al., 2005). It plays roles in RNA 

processing and termination (Bataille et al., 2012; Ma et al., 2012).  

 

1.4.4 CTD phosphorylation patterns within trancription cycle  

The cycle of eukaryotic transcription including initiation , elongation and termination stages is 

regulated at multiple steps. Within this process, dynamic phosphorylation patterns of CTD serine 

residues have been found to coordinate the recruitment of CTD binding factors to facilitate Pol II 

transcription (Hsin and Manley, 2012). 

 

Transcription initiation 

RNA Pol II is recruited to the preinitiation complex (PIC) when CTD is hypophosphorylated (Lu et 

al., 1991). Following its binding to the promoter ,Ser5 of yeast CTD is rapidly phosphorylated by either 

Kin28 (Cdk7 in human) (Feaver et al., 1991) or Cdk8 (Srb10 and Srb11 in human) (Liao et al., 1995). 
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These two kinase complexes are thought to have partially overlapping roles in transcription (Liu et al., 

2004) to facilitate the dissociation of RNA Pol II from the PIC and elicit promoter escape (Sogaard and 

Svejstrup, 2007). 

 

Transcription elongation 

During transcription elongation CTD becomes further modified on Ser2 residues. CTDK-1 and 

Bur1/Bur2 complexes are considered equally responsible for Ser2 phosphorylation during Pol II 

elongation stage. However, Bur1/Bur2 complex is thought to contribute Ser2P at early elongation stage, 

while deletion of Ctk1 was shown to reduce Serine phosphorylation in the downstream region by 90% 

(Qiu et al., 2009).  

CTDK-1 was the first CTD kinase (Lee and Greenleaf, 1991) discovered from yeast and its 

ortholog in human was later found to be CDK12 (Bartkowiak et al., 2010; Buratowski, 2009; Keogh et 

al., 2003). Ctk1 resides in CTDK-1 complex with the cyclin subunit Ctk2 and a unknown function 

subunit Ctk3(Bartkowiak and Greenleaf, 2011). Cdk9 and its regulatory cyclin subunit form the positive 

transcription elongation factor b (P-TEFb) (Marshall et al., 1996). The closest relative to Cdk9 in S. 

cerevisiae is the Bur1/Bur2 kinase complex(Prelich and Winston, 1993).  

 

Transcription termination 

During transcription termination, CTD is de-phosphorylated by phosphatases to be recycled for the 

next round of transcription (Cho et al., 2001). Both Fcp1 and Ssu72 have been characterized as CTD 

phosphatase: Fcp1 is essential for cell survival in yeast and it converts Pol II from phosphorylated IIO 

form to unphosphorylated IIA (Archambault et al., 1997; Chambers and Dahmus, 1994) . Ssu72 has 

been shown to preferentially remove Ser5P from the CTD (Hausmann et al., 2005), and its activity is 

enhanced by the peptidyl prolyl isomerases Ess1 (Krishnamurthy et al., 2009). 

 

1.4.5 CTD interaction domain (CID) 

Like histone code, the combinatorial nature of CTD modifications leads to the hypothesis of a CTD 

code, where the patterns of modifications are read by the transcriptional machinery and other factors 

with various functional outputs. To date, a number of proteins and protein complexes have been reported 

to interact with the specific CTD modifications through distinct CTD interaction domains (CID).  

Set2-Rpb1 interacting domain (SRI): Histone H3K36 methyltransferase Set2 and its orthologs 
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Setd2/Hypb utilize conserved SRI domain to associate with phosphorylated CTD (Kizer et al., 2005; 

Sun et al., 2005). NMR studies show that both Set2 and Setd2/Hypb SRI domain form three-helix 

left-handed bundles which are different from other CTD binding domains. The optimal CTD 

phosphorylation pattern for SRI interaction is found to be continuously phosphorylated Ser2/Ser5 within 

the CTD peptide containing two-heptad repeats and three flanking NH2-terminal residues (Li et al., 

2005; Meinhart et al., 2005; Vojnic et al., 2006). 

WW Domain: WW domian is caracterized by a pair of conserved Tyr residues in -40 amino acid 

domain these domains specifically interact with Pro-rich peptides(Myers et al., 2001). Pin1 and Ess1 

have been shown to interact with p-CTD through WW domain to determine the substrate specificity (Lu 

et al., 1999; Verdecia et al., 2000). Interestingly Set2 also contains WW domain which was thought to 

mediate p-CTD interaction(Krogan et al., 2003).  

Rtt103: The transcription termination factor Rtt103 binds exclusively to di-heptad repeats 

phosphorylated on Ser2 through its N-terminal CID (Kim et al., 2004). Interestingly, the independent 

study shows that two CIDs of Rtt103 and the other termination factor, Pcf11, display cooperative 

binding features respectively on longer phosphorylated CTD (Lunde et al., 2010) indicating the potential 

interaction mode of these two factors at the 3’ end of genes where Ser2 phosphorylation reaches highest 

density.  

FF domain : FF domain is a 50-60 amino acid module contianing conserved Phe residues near N- 

and C- termini. Human transcription factor TCERG1 /CA150, yeast splicing factor Prp40 and 

mammalian HYPA/ FBP11interact with the phosphorylated CTD through multiple FF domains. (Carty 

et al., 2000; Morris and Greenleaf, 2000). 

Capping enzyme : Cgt1 GTase subunit binds to a Ser5 phosphorylated CTD peptide containing 

four repeats through two CTD docking sites (CDS1 and CDS2) (Fabrega et al., 2004).  

 

1.5 Summary 

In this thesis, we focused on dissecting the molecular mechanism by which H3K36methylation is 

regulated in budding yeast. In the Chapter 2 we studied auto-regulation mechanism of Set2 and found a 

novel DNA interaction property of SRI domain which determins Set2 substrate specificity. Our 

biochemical study idetified an auto-inhibition domain (AID) which resides in the middle portion of Set2 

and demostrated how Set2 activity is coordiated by AID and SRI domain to maintain the normal 
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H3K36methylation in cells. In Chapter 3, we demostrated that phosphorylated Pol II CTD not only 

regulates the Set2 interaction but also affects Set2 activity in vitro. Our results suggest a new molecular 

model illustrating how Set2 methylates H3K36 when encounters elongating Pol II and transcribed 

nucleosome. Lastly, in the Chapter 4 we applied the knowledge learnt from the structural studies of 

other hisotne methytransferases to indentify the novel F/Y switch residues in Set2 catalytic core and 

successfully obtained Set2 mutants with different product specificities. By using these mutants, we were 

able to dissect fucntions between H3K36me3 and lower methyl states in several pathways including 

cryptic transcription, histone chaperone, CTD proline isomerization and double-strand DNA repair. Our 

results suggest that the individual methyl-state of H3K36 plays non-redundant biological roles in cells. 

     The results from our studies add new insights into Set2-meidated H3K36 methylation. The 

knowledge we get from domain coordination, CTD regulation and product specificity control of yeast 

Set2 may help us understand more about functions of H3K36 methylation in regulating human 

developtment and tumorigenesis.  
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Chapter2 AN AUTOINHIBITORY MECHANISM DIRECTS THE 

HISTONE METHYLTRANSFERASE SET2 TO METHYLATE ONLY 

TRANSCRIBED CHROMATIN 

 

 

Abstract 

Set2-mediated H3K36 methylation ubiquitously functions in coding regions to control 

hypo-acetylated states, suppression of cryptic transcription and histone exchange, alternative splicing, 

DNA repair and recombination. It has been shown that H3K36me3 depends on the binding of Set2 to 

phosphorylated Pol II via its SRI domain. However, the detailed mechanism is poorly understood. Here 

we showed that fusion of the SET domain to Pol II was not sufficient for full activities of Set2, 

suggesting SRI may play additional regulatory roles to facilitate H3K36me3. We also found that the full 

length Set2 preferred nucleosomes as substrates while the SET domain alone preferred core histones. 

This substrate preference was partially determined by the DNA binding ability of SRI. In addition, we 

identified a novel auto-inhibitory role for the middle region of Set2 in regulating its catalytic activity. 

Remarkably, mutations at this region cause hyperactivities, which in turn lead to synthetic phenotype 

with an essential histone chaperone FACT. Our data suggest that the activity of Set2 is intrinsically 

regulated through multiple mechanisms and a temporal control for dynamic regulation of H3K36me is 

needed during transcription elongation process.    
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Introduction 

Nucleosomes are building blocks of eukaryotic chromatin that packages genomic DNA with 

histones. Each nucleosome consists of a core histone octamer wrapped by 146 base pairs of DNA. 

Histones are subjected to various post-translational modifications (PTMs) such as methylation, 

acetylation and phosphorylation. It was proposed that individual or combination of histone 

modifications mainly serve as a signaling platform for regulation of chromatin structure and almost all 

DNA-related processes (Jenuwein and Allis, 2001). 

Histone H3 lysine 36 methylation (H3K36me) is an important histone “mark” that is 

ubiquitously present in all eukaryotes. In yeast, Set2 is responsible for all three states of methylation at 

H3K36, including K36me1 (mono-methylation), K36me2 (di-methylation), and K36me (tri-methylation) 

(Lee and Shilatifard, 2007; Strahl et al., 2002). H3K36 methylation is transcription-coupled and 

enriched at the middle and 3’ end of RNA Pol II genes that are actively transcribed (Bannister and 

Kouzarides, 2011; Krogan et al., 2003). One of the key functions of H3K36me is the recruitment and 

activation of a histone deacetylase complex Rpd3S to transcribed regions (reviewed in (Yun et al., 

2011)). Rpd3S deacetylates the nucleosome in the wake of Pol II passage, and this hypo-acetylated 

states of transcribed chromatin prevents spurious transcription being initiated from intragenic cryptic 

promoters (Carrozza et al., 2005b; Joshi and Struhl, 2005; Keogh et al., 2005; Li et al., 2007b). Recently, 

H3K36me was also shown to suppress the exchange of newly synthesized histones at transcribed regions 

by decreasing the binding of H3 to histone chaperone Asf1 and recruiting the Isw1 chromatin remodeler 

(Smolle et al., 2012; Venkatesh et al., 2012). In higher eukaryotes, multiple SET domain containing 

methyltransferases have been identified to methylate H3K36 at different states (Wagner and Carpenter, 

2012). Setd2, the homolog of yeast Set2, is the major H3K36 tri-methylase in Drosophila (Bell et al., 

2007) and mammalian cells (Edmunds et al., 2008). Emerging evidence suggest that Setd2 plays critical 

roles in development (Hu et al., 2010) and tumor suppression (Newbold and Mokbel, 2010). Similarly, 

genetic alternations of other H3K36 methyltransferases, such as the NSD family members, were also 

linked to tumorigenesis of various cancers (Hudlebusch et al., 2011a; Hudlebusch et al., 2011b; 

Kassambara et al., 2009; Marango et al., 2008; Rosati et al., 2002; Wang et al., 2007). However the 

detailed causal relationship remains unclear. Lastly, Set2-mediated H3K36me also regulates DNA 

damage repair and genome stability (Fnu et al., 2011; Jha and Strahl, 2014; Pfister et al., 2014). 

Set2-mediated H3K36 methylation is tightly regulated through multiple mechanisms. Set2 

directly associates with elongating Pol II (Kizer et al., 2005; Krogan et al., 2003; Li et al., 2003a; Xiao 
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et al., 2003b). The c-terminal domain of the largest subunit of Pol II Rpb1 (CTD) is a large recruitment 

platform for many transcription related regulators (Corden, 2013b). The c-terminal Set2-Rpb1 

interaction domain of Set2 (SRI) binds to CTD that is phosphorylated at Ser2 and Ser5 during 

elongation (Li et al., 2007a; Li et al., 2005; Vojnic et al., 2006). This association is crucial for the full 

activity and stability of Set2. It has been known that disruption of CTD kinases, such as CTDKI and the 

Bur1 complex causes the defects of K36me2 and K36me3 (Chu et al., 2007; Chu et al., 2006; Youdell et 

al., 2008). Similarly, mutation of the Paf1 complex, which also regulates the phosphorylation status of 

CTD, eliminates H3K36me3 but not K36me2 (Chu et al., 2007; Li et al., 2009a). Interestingly, 

expression of the SET domain alone can recover H3K36me2 to the wild type level with normal 

distribution pattern at transcribed regions (Youdell et al., 2008), suggesting that only H3K36me3 

requires Set2 associating with Pol II. A recent study provided a plausible explanation for this 

methyl-state dependent requirement. Fuchs et al showed that Set2 has a short half-life which is 

controlled by proteasome-dependent pathway through the SRI domain (Fuchs et al., 2012). It was 

proposed that free Set2 (T1/2~ 9 mins) is capable of dimethylation of H3K36. However its association 

with the hyperphosphorylated Pol II not only stabilizes the protein but also increases its resident time at 

transcribed regions, which are essential for H3K36me3 (Fuchs et al., 2012). Moreover, Set2 also needs 

to make multiple contacts with nucleosomal substrates to achieve its full activity. Consistently, 

mutations of Set2 histone interaction motifs and histone surface residues lead to the comprised levels of 

H3K36me (Du and Briggs, 2010; Du et al., 2008; Psathas et al., 2009). Simiarly, H3K36me3 is also 

influenced by the mutation of histone chaperones that modulate nucleosome assembly/disassembly, such 

as Asf1 (Lin et al., 2010) and FACT (Chu et al., 2006)  

Set2 contains a highly conserved catalytic SET domain, WW domain, coil-coil domain and SRI 

domain. All Set2 homologs also have large middle region with unknown functions. Interestingly, a 

recent study reports that human Setd2 contains a proline-rich auto-inhibitory domain that inhibits the 

binding of the Set2 WW domain to human Huntingtin (Htt) protein (Gao et al., 2014). It was shown 

previously that Set1 contains a RNA-recognition motif (RRM) that is required for H3K4 trimethylation, 

while the RRM is controlled by an autoinhibitory domain (Schlichter and Cairns, 2005). In this study, 

we found that the middle domain of Set2 also functions as an auto-inhibitory domain (AID). We 

discovered that besides binding to Pol II, SRI is also responsible for DNA binding of Set2. AID mediates 

repression function through antagonizing the catalytic activity of SET and fine-tunes the both activities 

of SRI. We showed that Set2 AID mutants are hyper-active both in vitro and in vivo although H3K36 



 
 

21 
 

methylation levels in the mutants are also influenced by the stability of the mutant Set2. Interestingly, 

partial deletion of different regions of AID displays differential genetic interactions with histone 

chaperone FACT mutants suggesting the importance of a precise temporal control of K36me during 

dynamic elongation process.   
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Results 

Engaging to phosphorylated CTD plays additional roles in Set2-mediated H3K36me3 beside 

stabilization and recruitment of Set2.   

It was proposed that the binding of Set2 to phosphorylated Pol II stabilizes Set2 protein and 

increases its resident time at transcribed regions (Fuchs et al., 2012). An interesting study showed that 

fusing mRNA capping enzyme to the c-terminus of CTD can bypass the lethality caused by CTD S5A 

mutation (Schwer and Shuman, 2011). We therefore wondered if the artificial recruitment of Set2 to pol 

II CTD can bypass the requirement for SRI or CTD phosphorylation. To this end, we designed a series 

of mutants that contain several Set2 constructs fused to C-terminus of Rpb1 (Fig 2.1 A) and analyzed the 

levels of H3K36me in those mutants by western blotting. As shown in Fig 2.1B, fusing full length Set2 

to Pol II did not enable Set2 to methylate H3K36 as efficiently as the wild type, as H3K36me3 level is 

reduced in the mutant (comparing Lane8 and Lane4). CTD-SET domain fusion displays no K36me3 and 

the wild type level of K36me2, which resembles the behaviors of the free SET domain (Youdell et al., 

2008). Interestingly, when we fused Set2-618, which only lacks the SRI domain, to the Rpb1, we cannot 

detect any signals of K36me, suggesting that artificial recruitment of Set2 to Pol II is not sufficient for 

its activity, and SRI may play other roles. This result is consistent with previous finding that Set2-618 

has no activity in vivo (Kizer et al., 2005). 

To eliminate the possibility that fusion of Set2 to CTD disrupts its correct folding, we purified all 

three fusion Pol II using a Tandem Affinity Purification (TAP) method through TAP-tagged Rpb3. As 

shown in Fig 2.1C, silver staining showed that there is no endogenous Set2 co-purified with Pol II, 

which is consistent with previous reports (Li et al., 2003a). It was also noted that fusing Set2 to CTD did 

not alter the Pol II stability when the stoichiometry of the fusion Pol IIs were compared to that of wild 

type (Lane 5). We next tested the in vitro histone methyltransferase (HMT) activity of these CTD-fused 

Set2 which should all stem from the fused Set2. As shown in Fig 2.1 D, CTD-Set2-618 only showed 

background activity similar to what we observed in vivo (Fig 2.1B). Both SET and FL fusion display 

strong activities. We noticed that fused SET (CTD-Set2-261) appeared to be more active than FL. We 

speculate that in the FL fusion construct, the SET domain is situated in the middle of the protein. This 

may restrict its mobility which is important for catalysis. 

We next sought to test if H3K36 methylation status at individual genomic loci follows the similar 

trends as we detected at the bulk levels. ChIP was performed to monitor the level of K36me at a model 

gene STE11. As shown in Fig 2.1E and 2.1F, the methylation patterns at STE11 in all three mutants were 
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generally consistent with those of bulk methylation. Specifically, H3K36me2 and H3K36me3 in both 

CTD-Set2-FL and wild type cells were distributed towards the 3’ end of the ORF as previously reported 

(Li et al., 2007c). H3K36 methylation was almost abrogated in CTD-Set2-618 cells. CTD-Set2-261 

could only achieve H3K36me2, suggesting that SET alone is not sufficient for H3K36me3 at any places 

even when it was tethered to Pol II with presumed longer resident time. Consistently, we showed that 

over-expression of Set2 SET still could not restore H3K36me3 (Fig 2.2 A). Deletion of transcription 

factor Paf1 complex subunit Cdc7 or Paf1 have been shown to cause CTD Ser2 phosphorylation defect 

and loss of Set2 protein levels (Fuchs et al., 2012). However we showed that restoration of Set2 levels in 

CDC73 or PAF1 null cells also led to the same phenotype (Fig 2.2 B), suggesting that the steady state 

levels of Set2 maintained by binding to phosphorylated Pol II CTD is not the only reason for the loss of 

H3K36me3. 

Because CTD-Set2-FL did not di-methylate or tri-methylate the promoter even when it was 

forced to be recruited into these regions (A and B region), we wondered if the phosphorylation of CTD 

may be required for Set2 activity independent of recruitment. To test if CTD-Set2-FL activity still 

depends on CDTK-1 mediated Ser2P (Kim et al., 2010), we transformed a CTD-Set2-FL plasmid into 

∆CTK1 cells. The endogenous Set2 did not interfere with this assay as it was degraded in the ∆CTK1 

(Fuchs et al., 2012) and no K36me could be detected (Fig 2.1G lane 8). Interestingly, CTD-Set2-FL 

showed no K36me3 and markedly reduced K36me2 levels (Fig 2.1G). Decreased K36me was not due to 

the absence of Set2 because Set2 was fused to an essential Pol II Rpb1 subunit. Collectively, these data 

suggest that p-CTD/SRI engagement is essential for full activity of Set2, and this is potentially achieved 

by SRI looping back to CTD tail (Fig 2.1H).Intriguingly, at STE11 promoter regions CTD-SET 

displayed more activity (Fig 2.1 F). 

Full-length Set2 and Set2 SET domain display distinct substrate specificities. 

We next wanted to test if the enrichment of K36me2 detected at promoter by CTD-SET was due 

to different substrate specificities. Previous studies showed that Set2 activity requires Set2 interacting 

with histone H4 (Du et al., 2008). Therefore we first tested the HMT activity of SET and Set2-FL on 

core histones and nucleosomes. Two sets of substrates were used to compare the substrate specificity of 

SET and FL Set2: native Hela oligo-nucleosomes and core histones versus recombinant Xenopus 

nucleosomes and core histones. Different salt concentrations were also tested. As shown in Fig 2.3A, at 

high salt condition (200mM NaCl), SET and FL Set2 displayed similar activities on all the substrates. 

However at lower salt conditions (50 and 100 mM NaCl), SET domain preferred core histones, while FL 
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Set2 preferred nucleosomes. This finding was also confirmed by using H3/H4 tetramer as substrate (Fig 

2.3B), in which FL Set2 and Set2 1-618 displayed much less activities than SET domain. 

Set2 has been shown to prefer nucleosomal H3 (Strahl et al., 2002). Another Set2 family member 

NSD1, which perform mono-and di-methylated H3K36 in human is also shown to specifically target 

H3K36 with the presence of DNA (Li et al., 2009b). We hypothesized that the substrate preference of 

Set2 may be due to Set2/DNA contact. Multiple residues of Set2 were predicted to have potential DNA 

binding abilities and the majority of them were located around the SRI domain (Fig 2.3 C). Consistently, 

we observed that the Set2 activity depended on the linker DNA length (Fig 2.3 D). Compared with 

H3K36A nucleosome, Set2 is active on WT nucleosomes without any linker DNA (Yun et al., 2012) but 

showed stronger activity with nucleosome containing longer linker, whereas Dot1 worked equally on all 

nucleosome substrates. We then performed EMSA assay to test the DNA binding ability of Set2 (Fig 

2.3E). The result showed that FL Set2 but not SET domain or 1-618 shifted double-strand DNA. 

Meanwhile GST-tagged SRI domain is sufficient to bind to DNA.  

Set2 contains an auto-inhibitory domain for the H3K36 methyltransferase activity 

While FL Set2 and SET domain were active on respective H3 substrates, Set2-618 was always 

shown less active on either nucleosome (Fig 2.1 B, D) or histone H3/H4 tetramers (Fig 2.3 B). These 

results consist with previous in vivo studies that expressing SRI domain deleted Set2 in yeast caused 

almost total loss of H3K36me2/3 (Fuchs et al., 2012; Youdell et al., 2008). Thus, we speculated that Set2 

middle portion (aa262-618) inhibits Set2 activity. To test this hypothesis, we first expressed C-terminal 

truncated Set2 mutants in yeast strains and checked bulk levels of H3K36 methylation (Fig 2.4 A). The 

TAP tag sequence was integrated into the chromosomal copy of SET2 to make SET2 1-261, 1-260 or 

1-618 TAP strains. The result was consistent with previously published data that all the Set2 mutants 

were stably expressed whereas SET2 1-261-TAP and 1-260-TAP di-methyated H3K36 while SRI 

deletion (Set2 1-618-TAP) was shown to be inactive. Deletion of H3K36 demethylases slightly helped 

maintain more H3K36 methylation in cells.  

We then purified wild type Set2 and Set2 aa1-618 from yeasts via their C-terminal TAP tags. The 

silver staining showed the similar result as previously published data that WT Set2 was co-purified with 

subunits of RNA Pol II complex (Li et al., 2003a) while no binding partner was found in Set2 

aa1-618-TAP (Fig 2.4 B).The purified Set2 variants were then applied to in vitro HMT assay (Fig 2.4 C). 

Set2 1-618 TAP was shown to incorporate mush less 
3
H- labeled methyl group onto nucleosomes 

compared with Set2-Pol II complex. Combined with the result of bulk levels of H3K36 methylation in 
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cells, it suggests Set2 aa1-618 is a repressed form and the inhibitory effect likely comes from the region 

after SET domain (aa262-618). However, our in vitro result using native yeast Set2 1-618-TAP was not 

consistent with previously published data that recombinant FLAG tagged or CBP-tagged 1-618 is no 

less active than their FL counterparts (Du et al., 2008; Kizer et al., 2005) . Since both of recombinant 

Set2 variants were purified from bacteria, we also purified GST-tagged Set2 from E. coli and found FL 

Set2 was highly degraded. The degradation happened presumably from its C-terminus because after 

GST elution we still got a lot of degraded contaminants (Fig 2.4 E). Thus we argued the discrepancies 

between previous data and our result is due to the degradation of FL Set2, which displays largely 

compromised activity.  

To further confirm that Set2 1-618 is repressed, we purified FLAG-tagged FL Set2, SET domain 

(aa1-261) and SRI deletion (aa1-618) from baculovirus infected insect cells. The purified FLAG-tagged 

FL Set2 was much more homogeneous than the GST version from E. coli and all the Set2 variants that 

were purified from the same system also reached high level of purity (Fig 2.4 E). The HMT assay using 

either Hela nucleosome or native yeast nucleosome as substrate showed that FL Set2 was more active 

than SET to perform H3K36me2/3. Meanwhile Set2 1-618 was least active and barely finished 

H3K36me2 (Fig2.4 F and G). Thus we concluded that in Set2 1-618, the enzyme activity is repressed 

by an autoinhibitory domain (AID) which is located in the aa262-618. 

The middle region of Set2 intrinsically suppresses the activity of the SET domain.  

We sought to map the minimally required inhibitory region by making a series of sequential 

C-terminal truncations. The secondary structure prediction suggests that there are five hypothetical 

alpha-helix motifs within aa262-476. In addition, to confirm that the inhibition of C-terminal truncation 

is not due to the structure rearrangement in SET domain, we introduced a tobacco etch virus (TEV) 

protease recognition site right next to the SET domain in all Set2 C-terminal truncation variants (Fig 2.5 

B). The Set2 variant series includes FL Set2 and truncations at residue aa618, 476,415,338 and 302 

respectively, each defining the last amino acid of the resulting mutant proteins. Moreover, we also 

expressed a SET-SRI fusion mutant in which the whole aa262-618 region was deleted while a TEV 

sequence and a poly-Glycine linker (four Glycines) were added right next to SET domain. All the 

purified FLAG-tagged Set2 mutants showed high level of purities by Coomassie blue staining (Fig 2.5 

C). We also developed an experiment strategy to couple the TEV digestion reaction with HMT reaction 

to compare the activities of Set2 variants between protease and no protease treatment (Fig 2.5 A). As 

shown in Fig 2.5 D TEV protease completely released SET domain from its C-terminal portions except 
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FLAG-SET (aa1-261) which lacked a TEV site. Meanwhile, the FL Set2 was non-specifically digested 

by TEV protease (Fig 2.5D lane1 and 2).The HMT result of each individual Set2 variant activity 

between protease and no protease treatment shows that: 1. Without protease treatment, all the C-terminal 

truncations are less active than SET domain (Fig 2.5E.black bars). After incubating with protease, all 

the C-terminal mutants, except Set2 1-618 TEV, resume their activities to levels almost equal to SET 

domain (Fig 2.5 E. grey bars). 2. SET activity does not change upon protease treatment. 3. Interestingly, 

the FL-TEV and SET/SRI TEV Set2 are initially more active than SET domain but reduce their 

activities to SET domain levels after protease digestion. Our results strongly suggest that the activity 

change of Set2 mutants is not due to the mis-folding of SET domain upon C-terminus truncation because 

release of C-terminal portion of Set2 resumes their activities. Moreover, the SET is under regulations of 

two oppositely functioning domains: The middle region of Set2 (aa262-618) inhibits the SET domain 

activity while SRI domain antagonizes this inhibition and further stimulates it. These two opposing 

regulations happen in cis because the release of auxiliary domains leaves the SET domain working 

independently to display its intrinsic activity.  

We have shown that SRI stimulates SET activity on nucleosomes via its binding to DNA (Fig 2.3 

E). We wanted to further demonstrate the mechanism of inhibition from the middle domain of Set2. To 

do this, we used histone octamers as substrate which only contain each two of four types of histones to 

test the activities of Set2 variants (Fig 2.5 F). First of all, the fact that FL Set2 has less activity than SET 

domain to methylate histone octamers was addressed by earlier experiment. Secondly, SET-T-SRI which 

was super-active on nucleosome is now less active than SET domain. This result suggests SRI domain 

inhibits SET domain activity on octamer with the absence of the middle domain. Lastly but most 

importantly, the C-terminal truncated Set2 mutants displayed decreased activities while the whole 

middle domain was gradually restored. This result indicates that middle domain may directly inhibit 

SET domain activity on histone.  

In summary, we have confirmed Set2 middle region (aa262-618) performs as an autoinhibitory 

domain (AID) to repress SET domain activity while SRI domain compensates AID inhibitory effect and 

further stimulates SET in free full length Set2 protein in vitro. Moreover, our octamer result suggests the 

inhibition from AID domain may be due to the repression of histone contact of SET domain. 

 

AID interferes with the binding of SET to histone H3. 

We next exploid the mechanism by which AID inhibits SET activity. Set2 1-476TEV has been 
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shown to be as inactive as 1-618 TEV on both nucleosome and histone octamer (Fig 2.5 E, F) 

suggesting the region aa262-476 is sufficient to maximally inhibit SET activity. We wanted to test 

whether aa262-476 inhibits the interaction between SET domain and histones. FLAG beads pull-down 

assay was performed by using SET domain, 1-476TEV, and 1-618 TEV to test the binding of these 

proteins on H3/H4 tetramers (Fig 2.6A).The result supports our hypothesis by showing the 1-476TEV 

and 1-618 TEV proteins, which are immobilized by anti-FLAG resin, bind less histone H3 than SET 

domain does (Fig 2.6 B and C). For some reasons, histone H4 dissociates from H3 and is not pulled 

down by anti-FLAG resins. Our result shows that the AID domain inhibits the histone accessibility of 

SET domain by repressing the interaction between SET domain and histone H3. 

 

AID plays important regulatory roles in Set2 activity in vitro and in vivo.      

We have demonstrated that aa262-476 is sufficient to inhibit SET domain but ∆262-476 disrupts 

the Set2/p-CTD binding. To further map the minimal deletion of AID domain that can disrupt the 

auto-inhibition, we deleted each individual or the combination of hypothetical alpha-helix motifs 

respectively (Fig 2.7 A). All the truncations were expressed in insect cells and purified out with high 

purity except the one with the third helix deleted (∆ C, ∆ aa339-386). It is shown that this particular 

mutant is degraded (Fig 2.7 B) suggesting the region aa339-386 is important for protein integrity. The 

HMT assay result shows (Fig 2.7 C) that deletion of each helical-motif partially eliminates the AID 

inhibition and the deletion of all five helixes (aa262-476) maximally de-represses the activity indicating 

AID functions as a whole domain and each helical motif partially contributes to the inhibitory effect. 

Meanwhile the activity of helix B deletion (aa303-338) is most comparable to all five helix deletion 

among all the single helix mutants. Expressing each of the mutants in SET2 null yeasts efficiently 

di-methylated H3K36 but H3K36me3 levels fluctuated (Fig 2.7 D). Only the deletion of helix region B 

(aa203-338) displayed increased H3K36me3 by 50% while others had compromised H3K36me3 (Fig 2. 

7 E). 

  We showed earlier that deletion of helix C caused the degradation of the mutant protein indicating 

AID domain is required for the protein stability in cells. Western blotting analysis also shows that the 

expression levels of FLAG tagged mutants are not equal to WT Set2 (Fig 2.7 D). We constructed the 

single helix deletion mutants to plasmids in which the ORFs are under the control of natural SET2 

promoter (Fig 2.8 A). Using antibody recognizing SET domain to detect the expression of individual 

mutant, we found all of the mutants except ∆A were highly unstable compared with WT Set2 and none 
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of the mutants produced detectable levels of H3K36me3. In the other expression system in which AHD1 

promoter controlled ORFs were cloned in pRS415 backbone, the H3K36me3 can be detected in ∆A and 

∆AB (Fig 2.8 B).We argue that, due to the disrupted protein stability by AID deletion, the steady state 

levels of mutants were compromised when under control of moderately over-expressed ADH1 promoter. 

Thus the in vivo H3K36me3 levels fluctuated although the mutants were hyper active in vitro. We 

further compared the protein expression levels in all the plasmid systems we used and found that GAL1 

promoter largely over-expressed Set2 in cells while ADH1 promoter in pRS416 backbone had moderate 

expression levels. ADH1 promoter in pRS415 backbone expressed as low levels of Set2 as natural SET2 

promoter did. This is probably because of the plasmid copy number issue. Importantly, the H3K36me3 

levels correlated with the fluctuation of Set2 expression levels in different expression systems (Fig 2.8 

C). These results partially explain the observation that H3K36me3 levels in some mutants are reduced. 

Another possibility of the reduced in vivo H3K36me3 levels of hyper-active AID mutants is the 

loss of p-CTD recruitment by disrupting AID region. To address this, we performed p-CTD peptide 

binding assay. As shown in Fig 2.7 F the deletion of each individual helical motif had almost no effect 

on SRI/p-CTD binding while the mutant lacking the helix D gained moderate binding towards 

un-phosphorylated CTD peptide. However, the deletion of whole AID domain (SET-T-SRI) abolished 

p-CTD interaction suggesting SET domain inhibits SRI/p-CTD binding. We further purified GST tagged 

N-terminal truncations of Set2 containing SRI domain and different length of middle domain from E. 

coli to test their p-CTD binding abilities (Fig 2.9 A). The Coomassie blue staining showed GST FL Set2 

and mutants were all under degradation (Fig 2.9 B). The intact FLSet2 specifically interact with 

phosphorylated CTD peptides (either on Ser2 or Ser5). SRI had similar binding affinity and specificity 

as FL Set2, suggesting SRI domain is sufficient for Set2/p-CTD interaction. Interestingly, while the 

other two N-terminal truncated mutants (aa262-733 and aa476-733) bound to phosphorylated CTD 

peptides, they also displayed different levels of binding affinity to un-phosphorylated CTD. Moreover, 

GST-tagged SET-T-SRI fusion protein showed significantly reduced phosphorylated CTD binding 

ability as its FLAG tagged counterpart did (Fig 2.9 C). Collectively, our CTD binding results indicate 

the p-CTD binding ability of Set2 SRI domain is also under regulations of middle domain and.  The 

reason that hyper-active SET-T-SRI has reduced levels of H3K36me3 in cells is probably due to 

deficient p-CTD recruitment. 
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Mis-regulation of H3K36me leads to synthetic phenotypes between AID mutants and histone 

chaperone mutant.      

We checked H3K36 methylation status at STE11 locus in yeast strains expressing each of three 

representative AID mutants: helix B deletion which displayed increased H3K36me3; helix C deletion 

which was highly unstable but still had WT levels of H3K36me3; and helix E deletion which showed 

decent protein levels but H3K36me3 was significantly reduced (Fig 2.7 D).The result showed that in the 

cells expressing individual helix B or C deletion, the enrichment of H3K36me3 was elevated at both 

promoter region and gene body of STE11 locus while helix D deletion could not efficiently tri-methylate 

H3K36 (Fig 2.10 A). Meanwhile the helix C or D deletion caused elevated H3K36me2 at both promoter 

and gene body of STE11.We also observed moderately increased acetylated H4 at 5’ of STE11 and this 

led us to question whether the Set2/Rpd3S pathway still functioned normally (Carrozza et al., 2005b). 

The Northern blotting analysis revealed mild cryptic transcription phenotype in cells expressing single 

helix or whole AID domain deletion mutants (Fig 2.11 A). The STE11-HIS3 reporter strains displayed 

similar phenotypes in a more quantitative manner (Fig 2.11 B): the helix E deletion and the whole AID 

domain deletion had most severe cryptic transcription, while helix A and helix C deletion showed very 

mild phenotype. The severity among all the mutants correlated with the fluctuation of bulk levels of 

H3K36me3 (Fig 2.7 E). 

Previous study suggested that H3K36me2 is sufficient for the Set2/Rpd3S pathway. However, we 

observed the cryptic transcription phenotype in our mutant strains where H3K36me2 was intact (Fig 2.7 

D). We speculate this is due to the altered Set2 dynamics. Disruption of AID domain interferes with Set2 

stability (Fig 2.8 C) It is possible that the Set2 mutants quickly hyper-methylated H3K36 and got 

degraded. Thus mutants could not target transcribed nucleosome at the correct time when Rpd3S 

complex activity was required to be stimulated to deacetylate coding regions for the repression of 

cryptic transcriptions. Set2 has been shown to not be essential for cell survival but it genetically interacts 

with various transcription related factors (Biswas et al., 2006; Chu et al., 2006; Krogan et al., 2003; Ma 

et al., 2012). We asked how mis-regualted H3K36 methylation (e.g. excessive amount of H3K36me3, or 

mis-located H3K36me3 in genome) affects normal cell function. Yeast cells expressing any of AID 

mutants grew normally (Fig 2.10 B) indicating the disruption of AID domain alone is not sufficient to 

influence cell growth. Previously published result showed that the growth defect by disrupting 

transcription dependent histone chaperon yFACT(facilitates chromatin transcription) complex (Spt16 or 

Pob3)(Belotserkovskaya et al., 2003) was rescued by deletion of SET2 suggesting Set2 functions 
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oppositely to yFACT(Biswas et al., 2008b).  

We expressed our AID mutants in spt16-11/∆SET2 yeast and grew them at permissive 

temperature (26
o
C) or non-permissive temperature (35

o
C). It was consistent with published results that 

spt16-11/∆SET2 transformed with empty vector grew faster than spt16-11 strain in which endogenous 

Set2 was expressed, or spt16-11/∆SET2 strain expressing FL Set2 plasmid (Fig 2.10 B). Interestingly, 

the spt16-11/ ∆SET2 strain expressing each the AID mutant displayed synthetic growth defect at 35
o
C. 

To this end, our result suggests that the AID domain is important to maintain normal Set2 function in 

Spt16 defect yeast strain at non-permissive temperature. Moreover, the deletion of RCO1 which encodes 

the Rco1 subunit of Rpd3S complex totally rescued the synthetic growth phenotypes of AID mutants 

(Fig 2.10 B). This result is also in agreement with the previous finding that the genetic interaction 

between Set2 and Spt16 functions through Set2/Rpd3S pathway. Furthermore, the Set2 catalytic defect 

mutant C201A also rescued the phenotype of AID mutants confirmed that the normal Set2 activity is 

required for Spt16 pathway in cells. 
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Discussion 

Phosphorylated Pol II CTD is required for tri-methylation at H3K36 and it has been proposed 

that p-CTD interaction helps maintain the methyltransferase Set2 stability (Fuchs et al., 2012). In this 

study we further demonstrate that Set2/p-CTD interaction plays additional roles in Set2 regulation other 

than simple association. This more intricate mechanism is different from that of other CTD interacting 

factors. For instance, in S pombe, interaction of mRNA capping enzyme with phosphorylated Ser5 on 

Pol II CTD is essential for its function. However, the lethality caused by S5A mutation can be bypassed 

by simply fusing this enzyme with CTD (Schwer and Shuman, 2011). Our results suggest that the 

additional function of SRI, besides interacting with CTD, may rest on its interaction with DNA (Fig 2.3 

E). We showed that SRI regulated Set2/DNA contact to determine Set2 nucleosome preference and 

rendered it linker DNA length-dependent activity on reconstituted nucleosome (Fig 2.3 A and D). 

Meanwhile SRI antagonized the auto-inhibition effect from the middle region of Set2 (Fig 2.5 E).  

    In wild type cells, Set2 is recruited to elongating Pol II and localizes towards 3’ end of ORFs 

(Pokholok et al., 2005). Interestingly, in our Rpb1 fusion system, both Set2-FL and SET domain were 

artificial tethered to Pol II. Therefore Set2 should be present along the entire gene. We found that 

CTD-Set2-FL methylate H3K36 in very similar pattern to wild type even though it was brought to the 

promoter and 5’ regions of STE11 (Fig 2.1F). H3K36 is acetylated predominantly at promoters of RNA 

polymerase II-transcribed genes (Morris et al., 2007). And local acetylation may inhibit Set2 from 

transferring methyl groups to the same H3K36. However, we did observe that ectopic H3K36me2 

occurred at this region suggesting at least some of the lysine 36 residues are available for di-methylation. 

Alternatively, CTD-Set2-FL could be repressed by rapid local histone exchange. It has been shown that 

during Pol II transcription, histones are highly dynamic (Li et al., 2007a) and the most rapid histone 

turnover occurs at promoters (Dion et al., 2007). We hypothesize that active histone exchange inhibit 

CTD-Set2-FL. Indeed, we revealed that Set2-FL and SET favored nucleosomes and core histones 

respectively (Fig 2.3A). We speculate that during transcription elongation at 5’ of ORF, rapid exchange 

of histone leads to loss of nucleosome substrate for Set2-FL while provides more histones to SET. 

However at 3’ end of the ORFs, the Pol II engaged Set2 has more chance to associate with nucleosomal 

histones through SRI/DNA interaction for its tri-methylase activity. We could not rule out other 

possibilities such as other modifications enriched at the promoter that specifically inhibit Set2-FL 

function. 

Auto-inhibition domain is a prevalent regulatory mechanism that provides tight “on-site” 
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repression to prevent uncontrolled activation and enable prompt response to cellular stimuli (Pufall and 

Graves, 2002). The auto-regulation also occurs in another SET containing protein Set1, a H3K4 

methyltransferase, which has two unique domains to either inhibit or activate the enzymatic center 

(Schlichter and Cairns, 2005). Swi6, a heterochromatin protein 1 (HP1), in budding yeast, is also shown 

to release from auto-inhibited state to a hetero-chromatin spreading-competent state upon contacting 

H3K9 methyl mark and nucleosomal DNA (Canzio et al., 2013). In our study, we identified an 

autoinhibitory domain, which is antagonized by SRI domain to define the FL Set2 activity. Meanwhile 

the mis-regulated H3K36 methylation (e.g. excessive amount of H3K36me3) causes synthetic growth 

phenotype with histone chaperones (Fig 2.10) indicating it is important for auto-inhibition mechanism to 

fine-tune HK36methylation in cells. In human cells H3K36 methylation have been shown to be achieved 

by multiple SET domain containing methyltransferase belonging to the same family as Set2 (Dillon et 

al., 2005). In recently studies Set2/Hypb, the Set2 ortholog in human, has also been hypothesized as a 

tumor suppressor in breast cancer (Newbold and Mokbel, 2010) and sporadic clear renal cell carcinoma 

(Duns et al., 2010). Moreover, disruption of the Setd2-mediated H3K36me3 by somatic point mutation 

has been shown to link with leukemia (Zhu et al., 2014). Because of the high homology between Set2 

and its ortholog in human (Sun et al., 2005), we speculate that the mechanism we found in yeast Set2 

potentially helps us understand the regulation of H3K36 and provides epigenetic mechanism for 

tumorigenesis in human.  
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Figure2.1 Engaging to phosphorylated CTD plays additional roles in Set2-mediated H3K36me3 

beside stabilization and recruitment of Set2. (A) A Scheme for artificial recruitment of Set2 to Pol II by 

fusing indicated Set2 constructs to the c-terminus of Rpb1, the largest subunit of RNA polymerase II. (B) 

Fusing catalytic domain of Set2 to Pol II is not sufficient for H3K36me3. Plasmids including pWY043 
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(pYIA CTD-SET2 FL), pWY044 (pYIA CTD-SET2 1-618), pWY045 (pYIA CTD-SET2 1-261) and 

pWY046 (pYIA CTD) were transformed into wild type (YYW120, Z26) and ∆SET2 (YYW121). Whole 

cell extracts were subjected to western blot using indicated antibodies. (C) Silver staining of TAP 

purified Pol II complexes. Indicated Pol II-Set2 fusion plasmids were introducted into the yeast 

YYW122 (a Pol II shuffle strain), which contains Rpb3-TAP for purification. (D) HMT assays using the 

PolII-Set2 fusion complexes as shown in (C) and HeLa oligonucleosome substrates. (E-F) H3K36 

methylation status in Pol II-Set2 fusion strains was monitored by ChIP assays; (E) Illustration of  

PCR-amplicons around the STE11 region (label as “A” to “D”) used in ChIP assays to monitor K36me; 

(F) Multiplex-PCR with indicated primer sets were performed to quantify the amount of 

immunoprecipitated DNA. The Z region (labeled as “Z”) located at a gene desert serves as internal 

control; however, we consistently detected H3K36me at this locus likely due to uncharacterized 

non-coding RNA transcription events. The relative IP efficiency is the ratio of IP efficiency of given 

antibodies at specific loci over the IP efficiency of histone H3. Data are represented as mean ± SEM 

with at least three independent experiments. (G) CTD phosphorylation mediated by CTDK1 is required 

for H3K36me3 even when full-length Set2 is artificially fused to Pol II. pWY046 and pWY043 were 

transformed into ∆ctk1 and control strains. Western blots of whole cell extracts of indicated strains. (F) 

A proposed model showing how Pol II-fused Set2 interacts with Rpb1 through phosphorylated CTD. 
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Figure 2.2 Binding to phosphorylated Pol II CTD is essential for Set2-mediated H3K36me3.  

(A) Western blots of whole cell extracts from YYW042 (HIS3:: pGAL1-3HA-Set2 1-260-TAP::URA3) 

grown in YP medium containing 2% galactose (Gal) or dextrose (Dex). (B) PAF.com is required for 

K36me3 even when Set2 is overexpressed.  Western blots of cell extracts from YYW031 (HIS3:: 

pGAL1-3HA-Set2 /ΔCDC73::KAN) and YYW032 (HIS3::pGAL1-3HA-Set2 /ΔPAF1::KAN) grown in 

YP medium containing galactose or dextrose.  
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Figure 2.3 Full-length Set2 and Set2 SET domain display distinct substrate specificities. 

(A) Under low salt condition, full-length Set2 prefers nucleosomes whereas Set2 SET domain shows 

more activity towards core histones.  HMT assays were carried out under indicated salt-concentration 
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and equal amount of each nucleosome/histone substrates. (B) HMT assay using Xenopus H3/H4 

tetramers as substrates. (C) The residues of Set2 bind to DNA as predicted by the BindN+ 

(http://bioinfo.ggc.org/bindn+/) webserver. Predicted DNA binding residues are labeled with '+' and labeled 

in red, and non-binding residues are marked with '-', with confidence factors listed underneath.  Key 

domains of Set2 were highlighted in different colors. (D). Set2 shows stronger activity on nucleosomal 

substrates containing linker DNA. Recombinant mono-nucleosomes with indicated DNA templates were 

used to test Flag-Set2-FL activity in standard HMT reactions. Recombinant GST-Dot1 was used as a 

control. (E) EMSA assay showing that SRI is responsible for the binding of Set2 to DNA. End-labeled 

216bp DNA that contains a 601 positioning sequence was used. The truncated Eaf3 proteins were served 

as a positive control for proper DNA binding. 

 

http://bioinfo.ggc.org/bindn+/
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Figure 2.4 Set2 contains an auto-inhibitory domain for the H3K36 methyltransferase activity 

(A) The Set2 ∆SRI mutant shows severely compromised H3K36 methylation in vivo. 

Whole cell extracts from following strains: YYW087 (Set2-TAP:: URA3), YYW040 (Set2 1-618-TAP), 
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YYW044 (Set2 1-260-TAP), YYW045 (Set2 1-260-TAPΔRPH1/ ΔJHD1), YYW127 (Set2 1-261-TAP) 

and YYW129 (Set2 1-261 TAP ΔRPH1 / ΔJHD1) were subjected to western blotting with indicated 

antibodies. (B) Silver staining of TAP-purified Set2 WT and ∆SRI complexes. (C) HMT assays using 

HeLa oligonucleosome substrates. HMT activity were represented as mean ± SEM, n=3. (D) An 

illustration of recombinant Set2 and truncated derivatives: The SET domain, histone binding motif (HB), 

AWS domain, post SET domain (PS), WW domain, coiled-coil motif (CC) and Set2-Rpb1 interaction 

domain (SRI) are shown along with their position within full-length Set2. (E) Coomassie staining of 

purified Set2 and mutants as listed in (D) GST-Set2 purified from E. Coli shows severe degradation.  (F) 

Standard HMT assay using HeLa oligonucleosome substrates. (G) HMT assay using native yeast 

nucleosomes that were extracted from ∆SET2, which do not carry any H3K36me. The reaction products 

were detected using Western blotting with indicated antibodies. Ponceau S staining of yeast 

nucleosomes in each reaction served as loading controls.  
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Figure 2.5 The middle region of Set2 intrinsically suppresses the activity of the SET domain.  

(A) An experiment scheme to test if SET activity is intrinsically inhibited. (B) A Schematic illustration 

of Set2 and mutants in which a recognition site for TEV protease is engineered right after the SET 

domain. (C) Coomassie staining of Set2 TEV proteins that were purified from insect cells. (D) Ponceau 

S staining showing the completion of TEV digestion. The bands represents TEV cleaved SET domain 

and TEV proteases were labeled. (E) Auto-inhibition domain of Set2 only represses the SET activity in 

cis. HMT assays using HeLa nucleosome substrates to monitor the effect of TEV cleavage on Set2 

activity. Data are represented as mean ± SEM. (F) HMT assay with indicated Set2 derivatives and 

recombinant Xenopus core histone substrates 
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Figure 2.6 AID interferes with the binding of SET to histone H3. (A) An experimental scheme to test 

if AID influences the binding of SET to histones. (B) H3/H4 Tetramer pull-down assay. The bound 

proteins were monitored by western blotting. (C) Quantification of results shown in (B) based on three 

independent experiments. Data are represented as mean ± SEM. 
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Figure 2.7 AID plays important regulatory roles in Set2 activity in vitro and in vivo. (A) Set2 

constructs for mapping minimal deletion that causes de-repression of SET activity. (B) Coomassie 

staining of purified Set2 proteins. The asterisk indicates the degraded protein. (C) Integrity of the entire 

AID domain is required for controlling Set2 activity. HMT assay using HeLa oligonucleosome 

substrates. (D-E) Hyperactive Set2 mutants give rise to differential phenotype in vivo; (D) AID 

mutations make Set2 more sensitive to degradation, which in turn leads to distinct influences on 

K36methylation status. Western blot showing the level of tagged Set2 proteins and H3K36me levels in 

the mutants.  (E) Quantification of H3K36me3 results shown in (D) based on three independent 

experiments. Data are represented as mean ± SEM. (F) CTD peptide pull-down experiments showing 

that AID mutation did not compromise the binding of Set2 to phosphorylated Pol II CTD.  
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Figure 2.8 AID mutations render Set2 more sensitive to degradation 

Western blots of whole cell extracts from indicated yeast strains. #1 and #2 represent two independent 

clones of the same strains that were tested.  (A) Plasmids carrying WT or AID mutated Set2 under the 

control of native SET2 promoters were transformed into YYW010 (∆SET2). (B) Deletion of Rco1does 

not alleviate H3K36 status changes caused by AID mutations. PWY126 and pWY127 were transformed 

into YYW132 (∆SET2/∆RCO1), Western blotting was performed with indicated antibodies. (C). Protein 

levels of Set2 and H3K36methylation status in strains where SET2 is controlled by different promoters. 

pWY069 (GAL1), pWY131 (SET2 native promoter), and two plasmids containing ADH1 promoter 

pWY088 (Ura3) and pWY091 (Leu2) with different copy numbers, were transformed into ∆SET2 and 

their empty vector counterparts were transformed into WT strain. Western blotting was performed with 

anti-Set2 antibody to detect the expression levels of plasmid-borned Set2 compared with endogenous 

source. 



 
 

44 
 

 

 

Figure 2.9 AID regulates the binding of Set2 to phosphorylated CTD 

(A) Schematic showing GST versions of FL Set2 and its N-terminal truncations. The SET-G5-SRI was 

constructed by fusion of SET domain and SRI domain with five poly- Glycine linker. (B) The 

Coomassie staining of purified GST Set2 variants shown in A). (C) In vitro binding assay of 

recombinant GST Set2 variants and synthesized CTD peptides. 
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Figure 2.10 Mis-regulation of H3K36me leads to synthetic phenotypes between AID mutants and 

histone chaperone mutant. (A) Histone modification changes caused by AID mutations were 

determined using ChIP assays, as described in Figure 1E-F. IP efficiency were normalized to that of 

histone H3 and shown as mean ± SEM, n=3. (B) AID mutants genetically interact with histone 

chaperone Spt16, which relies on their histone methyltranserase activities and the Set2-Rpd3S pathway. 

Each AID mutants were transformed into YYW010 (∆SET2), YYW163 (spt16-11/ ∆SET2) or YYW165 

(spt16-11 /∆SET2/∆RCO1). Transformants were grown at 26
o
C until saturation. 5 fold serial dilutions of 

each transformants were then spotted on two plates and grown at 26
o
C and 35°C (semi-permissive 

temperature). Photographs of the plates were taken after 2-3 days. 
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Figure 2.11 AID mutations lead to cryptic transcription phenotype 

(A) Total RNA from indicated yeast strains were subjected to Northern blots using STE11-3’RNA probe 

that was labeled through in vitro transcription. Full length and two short transcripts of STE11 are 

indicated. (B) A diagram of cryptic transcription reporter strains, in which HIS3 genes were integrated 

downstream of the STE11 cryptic promoter (STE11-HIS3). The integration sites were selected such that 

the HIS3 gene is out of frame with relation to the STE11 coding region, and the functional His3 can only 

be produced when the HIS3 transcript initiates at the cryptic promoter of STE11(Ruan and Li, 

unpublished). This strategy was first developed by the Winston lab (Cheung et al., 2008). (C) Indicated 

plasmids were transformed into YCR377 (STE11-HIS3/∆SET2). The resulting strains were grown on 

SD-URA/-HIS plate at 30
o
C for 5 days.  
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Materials and Methods 

 

Construction of Plasmids and Yeast Strains: 

Plasmids and yeast strains were constructed through standard procedures and listed in Table 2.1 and 

2.2 respectively. To engineer a TEV cleavage site into Set2, two fragments of DNA were prepared 

separately as illustrated in Figure 4B. One fragment contains the SET domain of Set2 flanked by the 5’ 

Xho1 site and the 3’end BamH I site plus the TEV-recognition site and a flexible linker. The other one 

includes the rest of C-terminal part of wild type SET2 (or different truncations) with 5’BamH I site and 

3’ Not1 site. Those two fragments were joined through BamHI site and subcloned into Xho I/Not I sites 

of pBL532 through three-way ligation. To generate deletion mutants at the middle of Set2 (Figure 6A), 

similar approaches were taken. In this case, the 5’ fragment contains the sequence corresponding to the 

N-term pieces before the break with a 3’ BamHI site (without linker), while the 3’ fragment covers the 

C-terminal part of Set2 with a 5’ BamHI site. To construct an expression plasmid for SET2 under the 

control of ADH1 promoter, pWY080 (a gift from Dr. Brian Strahl) was modified by inserting a short 

adaptor containing FLAG tag sequence and Xho I/Not I restriction sites, thus allowing subcloning all 

Set2 mutants fragments from the baculovirus system to the yeast vectors through the same Xho I/Not I 

sites. To construct Pol II-Set2 fusion plasmids, an intermediate vector, pBL875 which covers the 

sequence between natural Kpn I and SnaB I of RPB1, was created. Two restriction sites (Sma I and Xho 

I) and the sequence for HA tag, in this order, were inserted between the last codon of heptad repeat 

sequence and the rest of CTD “fluff” of RPB1 through three-way ligation. The coding sequences for 

SET2 and its derivatives were then subcloned into the Xho1 site of pBL875 to form pWY041 (FL), 

pWY042 (1-618) and pBL876 (SET domain). The Kpn I/SnaB I fragments from these intermediate 

vectors were subsequently cloned into the Kpn I/SnaB I sites of pBL855 (pY1A) to generate pWY043 

(CTD-Set2 FL), pWY044 (CTD-Set2 1-618), pWY045 (CTD-Set2 SET) and pWY046 (CTD-HA, from 

the empty vector of pBL875). The resulting constructs were shuffled into YYW120 (Z26) and YYW121 

(Z26, ∆SET2) using the standard 5’-FOA method so that Pol II-Set2 fusion is the only source of RNA 

polymerase II in final strains. 

   To make YYW031(HIS3::pGAL1-3HA-Set2 /ΔCDC73::KAN) and YYW032 

(HIS3::pGAL1-3HA-Set2 /ΔPAF1::KAN) strains, YYW026-A(HIS3::pGAL1-3HA-Set2, MATa) was 

mated with YBL703 (ΔCDC73::KAN MAT alpha) and YBL 701 (ΔPAF1::KAN MAT alpha) respectively. 

Selected diploid cells were seeded in sporulation media containing 1% potassium acetate for about 1 
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week due to inefficient sporulation of the mutants. Spores were dissected and the presence of HIS and 

KANMX cassettes was screened by PCR. Lastly, western blotting with anti-HA antibody was performed 

to confirm proper expression of HA-tagged Set2 in Dextrose and Galactose containing media.  

 

Preparation of whole-cell extracts for immunoblotting: 

  Cells were grown in 3ml YPD or synthetic drop-out media supplemented with 2% dextrose or 2% 

Galactose at 30
o
C overnight until OD reached1-1.2. Cell pellets were re-suspended in 45µl of STE 

buffer (containing 500mM NaCl, 10mM Tris HCl PH8.0 and 1mM EDTA) and 40µl of 3xSDS buffer. 

100µl of 0.5mm glass beads were then added and boiled at 95
o
C for 5 minutes. Samples were then 

vigorously vortexed to break the cells and cell suspensions were clarified by spinning at 14000rpm for 

5mins. Anti-H3K36me3 (Abcam, 9050), anti-H3K36me2 (Abcam, 9049), anti-H4 (Abcam, 10158) and 

anti-FLAG HRP (Sigma, A8592) antibodies were used according to manufacturers’ suggestion. For 

anti-H3K36me2 anitbody, 5% BSA was used for blocking and 1% BSA were present in all antibody 

incubation.  

 

Protein Purification: 

Insect cell system: 100ml Sf21 cells (1X10
6
 cells/ml) supplemented with 10% FBS (Sigma), 1% 

Penicillin Streptomycin (Life Technologies) were infected with proximally 10ml of each P2 virus and 

incubated at 27
o
C for 48 hours. Cells were collected and washed with 10ml 1X PBS buffer. Cell pellets 

were then lysed in 10ml BV-lysis buffer (50mM HEPES PH7.9, 500mM NaCl, 10% glycerol,0.5mM 

EDTA, 2mM MgCl2 and 0.2% Triton X-100) on ice for 30 minutes. The lysates were clarified by 

ultracentrifugation (Beckman 50.2 Ti 40,000 rpm) for 30 minutes. 200 µl of Anti-Flag M2 affinity beads 

(Sigma) was added to the supernatants and incubated at 4 
o
C for at least 2 hours. Beads were then 

washed with 10ml BV-lysis buffer for 3 times and eluted with 600µl of 500µg/ml of 3xFLAG peptides 

(Sigma F4799) twice. The eluents were concentrated to about150µl using 10kd cut-off concentrators 

(Amicon). 

TAP purification from yeast: The TAP purification was performed essentially as described in previous 

publication (Li et al., 2003b). Briefly, 6 liters of TAP-tagged Set2 derivative strains were grown in YPAD 

media supplemented with 2% Dextrose at 30
o
C OD600=2-3. The cell pellets were re-suspended in an 

Extraction buffer (E buffer) (40mM HEPES pH 7.5; 350mM NaCl; 10% Glycerol; 0.1% Tween 20, 

supplemented with Protease Inhibitor Cocktail (Sigma P8215 ) and disrupted through bead-beating 
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(Biospec). Crude whole cell extracts were clarified through ultracentrifugation (Beckman 50.2 Ti at 

45,000 rpm) and then incubated with 600µl IgG-sepharose (GE) at 4
 o
C overnight. Bound proteins were 

cleaved from the beads by 100 units of TEV protease (Invitrogen) at 18
 o
C for 3hours. The eluent were 

mixed with 3ml of Calmodulin Binding Buffer (10mM Tris.HCl pH8.0, 150mM NaCl, 1mM Magnesium 

acetate, 1mM Imidazole, 2mM CaCl2, 10mM β-ME, 0.1% NP40, 10% Glycerol) and 3µl of 1M CaCl2, 

and subsequently incubated with 600µl Calmodulin-Sepharose (GE) at 4 
o
C for 1hour. The bead bound 

proteins were finally eluted by Calmodulin Elution Buffer (10mM Tris.HCl pH8.0, 150mM NaCl, 1mM 

Magnesium acetate, 1mM Imidazole, 2mM EGTA pH8.0, 10mM β-ME, 0.1% NP40, 10% Glycerol) and 

concentrated using Amicon concentrators. 

Recombinant Histone Purification and Nucleosome Reconstitution 

 Xenopus recombinant histones (H3, H4, H2A, H2B) were individually expressed in 

BL21CodonPlus-RIL (Stratagene) cells and purified as described (Li et al., 2007b). Histone octamers 

were assembled and fractionated through gel-filtration column Superdex 200. To generate 

mono-nucleosomes with different linker DNA lengths, plasmids that carry 16 copies of 216-bp, 153-bp 

or 147-bp DNA fragments were digested by EcoRV and the template DNA were purified using the 491 

Prep-cell (Bio-rad) (Yun et al., 2012). These DNA fragments were then mixed with histone octamers at a 

pre-determined ratio in high salt buffer, and dialyze against a serial of buffer with decreasing salt 

concentration (Yun et al., 2011). The reconstituted products were finally purified through a 4% native 

gel using 491 Prep-cell (Bio-rad), and concentrated to about 1µg/µl.  

 

Yeast native nucleosome purification 

  Yeast nuclei were prepared as previously described with minor modifications (Li and Reese, 2001). 

Briefly, 3 liters of YYW010 (∆SET2) cells were cultured to OD 600=1.0. Cell pellets were re-suspended 

in cold SB buffer (40mM HEPES.NaOH pH7.5, 0.5mM MgCl2 and 1.4M sorbitol and 10mM 

beta-ME/1Mm PMSF) and digested with Zymolyase (Seikagaku 100T) up to 30mins at 30
o
C. The 

spheroplasts was washed with SB buffer twice and resuspended in cold FB buffer (20mM PIPES.NaOH 

pH6.5, 0.5mM MgCl2, 18% Ficoll 400) and homogenized using a Thomas Pestle Tissue Grinder (Size 

C). The resulting suspension was laid over 10ml GB buffer (20mM PIPES.NaOH pH6.5, 0.5mM MgCl2, 

7% Ficoll 400, 20% Glycerol) and centrifuged at 11,500rpm using a HB6 rotor. The pellets were 

resuspended in 20ml of FB buffer, and spun at 4,500rpm to remove cell debris. The nuclei were finally 

collected by centrifugation at 11,500rpm for 30mins, and extracted three times with 120ml of EBX 
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buffer (50mM HEPES.NaOH pH7.5, 2.5mM MgCl2 400mM KCl 0.25% Triton X-100). The remaining 

chromatin pellets were resuspended in 10 ml MNase digestion buffer (10mM HEPES.NaOH pH7.5, 

0.5mM MgCl2 and 0.05 CaCl2) and sonicated briefly to break the clumps. After a small scale MNase 

titration test, the optimal concentration of Micrococcal nuclease (MNase) was applied to the rest of 

chromatin suspension at 30
o
C for 15mins. MNase digestion was stopped by addition of EDTA. The 

digested oligo nucleosomes were then fractionated on a Sepharose CL-6B column using 0.1M HB buffer 

(20 mM HEPES.NaOH pH7.5, 1 mM EDTA, 100 mM NaCl, 10 % Glycerol, 1 mM βME). Nucleosomes 

were pooled based on the size of DNA, and concentrated using 30kd cutoff concentrators (Amicon).  

 

Histone methyltransferase assays (HMT) 

  Standard HMT reactions were carried out in a 20µl system using 1xHMT buffer (50 mM Tris.HCl pH 

8.0, 50 mM NaCl, 1 mM MgCl2, 2 mM DTT, 5 % Glycerol) supplemented with either 0.5µl of 

radio-labeled 
3
H S-Adenosyl methionine (80 Ci/mmol, Perkin Elmer) or 10µM cold S-Adenosyl 

methionine (Sigma) (Li et al., 2003b). Scintillation counting-based filter-binding assay was performed as 

described previously (Eberharter et al., 1998). To detect specific methylation states on given histone 

substrates, western blots were performed using antibodies against H3K36me3 (Abcam 9050) and 

H3K36Me2 (Abcam 9049). As for the TEV-digestion HMT experiments described in Figure 4, WT Set2 

and its derivatives that each contains an internal TEV cleavage site were incubated with 2.5units of TEV 

protease (Life technologies) in 10µl of TEV Buffer (10mM Tris.HCl pH=8.0, 0.1% NP40 and 1mM 

DTT) at 30°C for 1 hour. Half of the reactions were directly mixed with 3X SDS loading buffer for 

SDS-PAGE electrophoresis. 15µl of the reaction master mix (for each reaction: 4µl of 5x HMT Buffer, 

0.5µl of 
3
H S-Adenosyl methionine, 1µg of HeLa oligonucleosomes and 9.8µl H2O ) was then added to 

the other half of each reaction and incubated at 30°C for 1 hour. 3H-incoroporation was finally measured 

via filter-binding assays. For salt-titration experiments , 5xHMT-0-NaCl buffer (250 mM Tris.HCl pH 

8.0, 5 mM MgCl2, 10 mM DTT, 25% Glycerol) was used and each salt condition was taken into 

consideration of the NaCl concentration from each substrates (HeLa nucleosomes 0.6M; Hela core 

histone 2.5M, recombinant nucleosomes 0M and recombinant histone octamers/tetramers 2M) and 

adjusted by addition of 5M NaCl.  

 

Chromatin immunoprecipitation (ChIP) 

200ml of each yeast culture were grown to reach OD600=1.0. 1% formaldehyde was used for 

https://en.wikipedia.org/wiki/S-Adenosyl_methionine
https://en.wikipedia.org/wiki/S-Adenosyl_methionine
https://en.wikipedia.org/wiki/S-Adenosyl_methionine
https://en.wikipedia.org/wiki/S-Adenosyl_methionine
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crosslinking at RT for 15mins. Standard ChIP procedures were described previously (Li et al., 2007b). 

1µl of anti-H3 (abcam 1709), 0.5ul of anti-trimethylated H3K36 (abcam 9050), 1.5µl of 

anti-dimethylated H3K36 (abcam 9049) were used for immunoprecipitation. Input DNA and 

immunoprecipitated DNA were quantified using multiplex PCR. Primers mixture contains 5 primer pairs 

corresponded to: -879 and -745 of STE11 promoter (A )(P1397/1398), 87and 330 of STE11 5’ 

(B)(P1399/1400), 925 and 1111 of STE11 coding region (C)(P1401/1402), 1839 and 2129 of STE11 3’ 

(D)(P1403/1404), 4193 and 4477 of ORF-free region of ChrI (Z) (P1740/1741).Band intensity was 

quantified using the UN-SCAN-IT V6.1software (Silk Scientific, Inc.)  

 

CTD peptide pull-down Assay 

  Biotinylated peptides that corresponding 4 heptad repeats of unphosphorylated (CTD), or Serine2 

phosphorylated (Ser2P) or Serine 5 phosphorylated (Ser5P) of Pol II CTD were immobilized on 

Dynabeads® M-280 Streptavidin (Invitrogen) at 4
 °
C for 2 hours. The beads carrying 8 µg of each 

peptide were then used for each pull-down reaction with about 1µg full-length Set2 or equal molar 

amount of mutant proteins in Peptide Binding Buffer (25mM Tris.HCl pH 8.0, 50mM NaCl, 5% 

Glycerol, 0.03% NP40 and 1mM DTT). The bound proteins were detected through western blots using 

anti-Flag HRP (Sigma) or anti-GST (Santa Cruz) antibodies. 

 

Northern blotting assay 

  Total RNA were extracted by votexing cells in 200µl of 0.5mm glass beads(Biospec), 320µl of RNA 

Prep Buffer (0.5M NaCl, 0.1M Tris-HCl pH 7.5, 10mM EDTA and 1% SDS) and 250µl of 

Phenol-Chloroform Isoamyle-alcohol (Fisher). RNAs were then Ethanol precipitated, resolved on 1% 

agarose-formaldehyde gels and transferred onto Zeta-probe membrane (Bio-Rad). UV-crossed 

membranes were subjected to hybridization in Denhardt’s based buffer (6x SSC, 5X Denhardt’s solution, 

0.5% SDS and 0.1 mg/ml of sonicated salmon sperm DNA). 3’ STE11 probe was prepared through in 

vitro transcription reaction using T7 RNA polymerase (MEGAscript® Kit, Life Technologies 

Corporation) and 5µl of α-
32

P labeled CTP (Perkin Elmer). 

 

H3/H4 tetramer pull-down assay 

3µg of recombinant Xenopus H3/H4 tetramer were incubated with 1.25 µM of recombinant Flag Set2 

1-261, 1-476 TEV and 1-618TEV proteins in 20µl 1xHMT reaction system containing 50 mM Tris.HCl 
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pH 8.0, 300 mM NaCl, 1 mM MgCl2, 2 mM DTT and 5 % Glycerol for 30 minutes at 30°C. After 30 

minutes of pre-incubation, the reaction was expanded up to 120µl by adding 98.4µl of 1xHMT buffer, 

0.2µl of 10% NP40, 1.4µl of 5M NaCl and 10µl pre-equilibrated 50/50 slurry of anti-Flag M2 affinity 

gel beads (Sigma) for 2 more hours’ incubation at 4oC. The final pull-down reaction system now 

contained 1xHMT buffer supplemented with 150mM NaCl and 0.01% NP40. After 2 hours of 

incubation, the beads were washed for 3 times by 500µl of 0.15M GST buffer containing 150mM NaCl 

20mM Tris-HCl pH7.5, 0.01% NP40 and 10mM beta-ME then eluted by 10µl of 3xSDS buffer for 

15minutes at RT. The eluted proteins were boiled for 3 minutes and resolved by 10% SDS-PAGE. 

Western blotting was performed to detect pull-downed proteins by using anti-Flag HRP, anti-H3, and 

anti-H4 antibody. 
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Table 2.1 Plasmid List 

Plasmid  Backbone  Description Source 
pBL196  pRET-N-GST Li Lab 

pBL532 pBP-HFT pBacPAK-8-N-HisFlag-TEVsite Li Lab 

pBL645   pBS-105 pBS-216L-16X Li Lab 

pBL647  pBS-305 pBS-153C-16X Li Lab 

pBL648  pBS-405 pBS-147-16X Li Lab 

pBL766 pBL765 pBSKO-NgoM4-Bts1-2-3 Li Lab 

pBL773 pBL766 pBSaK-Rpb1-KSn-Linker Li Lab 

pBL855  pYIA John Stiller 

pBL870 pCR-Blunt pCR-B-CTD-fusion-Up Li Lab 

pBL871 pCR-Blunt pCR-B-CTD-fusion-Down Li Lab 

pBL872 pCR-Blunt pCR-B-yeast Set2-SET (Xho1) for CTD fusion this study 

pBL875 pBL733  pBSaK-KSn-CTD fusion (Xho1) HA this study 

pBL876 pBL875 pBSaK-KSn-CTD fusion Set2-SET(Xho1)-HA this study 

pWY001 pBL196 pRET-GST-Set2 1-261 this study 

pWY001/A pBL196 pRET-GST-Set2 this study 

pWY005 pBL532 pBP-HFT-Set2 this study 

pWY037 pBL532 pBP-HFT-Set2 1-261  this study 

pWY038 pBL532 pBP-HFT-Set2 1-618  this study 

pWY039 pCR-Blunt pCR-B-Set2 FL  (Xho1) for CTD fusion this study 

pWY040 pCR-Blunt pCR-B-Set2 1-618  (Xho1) for CTD fushion this study 

pWY041 pBL875 pBSaK-KSn-CTD-fusion-Set2 FL(Xho1)-HA  this study 

pWY042 pBL875 pBSaK-KSn-CTD-fusion-Set2 1-618(Xho1)-HA  this study 

pWY043 pBL855 pYIA CTD-fusion-Set2 (KpnI/SnaBI) this study 

pWY044 pBL855 pYIA CTD-fusion-Set2 1-618 (KpnI/SnaBI) this study 

pWY045 pBL855 pYIA CTD-fusion-Set2 1-261 (KpnI/SnaBI) this study 

pWY046 pBL855 pYIA CTD-fusion(KpnI/SnaBI) this study 

pWY050 pBL532 pBP-HFT-Set2 1-618 TEV  this study 

pWY051 pBL532 pBP-HFT-Set2 1-476 TEV  this study 

pWY061 pBL532 pBP-HFT-Set2 SET-G5-SRI TEV (Δ262-618) this study 

pWY062 pBL532 pBP-HFT-Set2 1-302 TEV  this study 

pWY063 pBL532 pBP-HFT-Set2 1-338 TEV  this study 

pWY064 pBL532 pBP-HFT-Set2 1-386 TEV  this study 

pWY065 pBL532 pBP-HFT-Set2 1-415TEV  this study 

pWY066 pBL532 pBP-HFT-Set2 1-733 TEV  (FL) this study 

pWY069 pBL354 pRS415-pGAL1-HA-Set2  this study 

pWY080 pRS416 pRS416-ADH1pro-Set2-CYC1ter Brian Strahl 

pWY084 pWY080 pRS416-ADH1pro-ADPT2-FLAG-CYC1ter this study 

pWY087 pWY084 pRS416-ADH1pro-FLAG-Set2 SET-G5-SRI-TEV(Δ262-618) this study 

pWY088 pWY084 pRS416-ADH1pro-FLAG-Set2  FL this study 
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pWY091 pRS415 pRS415-ADH1pro-ADPT2-FLAG-Set2FL-CYC1ter this study 

pWY101 pBL532 pBP-HFT-Set2 FL(BglII/BamHI) (B/B) this study 

pWY102 pBL532 pBP-HFT-Set2 ΔA-B (Δ262-338) this study 

pWY103 pBL532 pBP-HFT-Set2 ΔA-C (Δ262-386) this study 

pWY104 pBL532 pBP-HFT-Set2 ΔA-E (Δ262-476) this study 

pWY105 pBL532 pBP-HFT-Set2 ΔB (Δ303-338) this study 

pWY106 pBL532 PBP-HFT-Set2 ΔC (Δ339-386) this study 

pWY107 pBL532 pBP-HFT-Set2 ΔE (Δ416-476) this study 

pWY120 pBL532 pBP-HFT-Set2 ΔA ( Δ262-302) this study 

pWY121 pBL532 pBP-HFT-Set2 ΔA-D (Δ262-415) this study 

pWY122 pBL532 pBP-HFT-Set2 ΔD (Δ387-415) this study 

pWY123 pBL196 pRET-GST-Set2-SET-G5-SRI this study 

pWY126 pWY074 pRS415-Set2 Pro/Ter-HA-Set2 ΔA (Δ206-303) this study 

pWY127 pWY074 pRS415-Set2 Pro/Ter-HA-Set2 ΔA-B (Δ206-338) this study 

pWY128 pBL869 pRET-GST-Set2-SRI this study 

pWY129 pWY084 pRS416-ADH1pro-FLAG-Set2 ΔA (Δ262-302) this study 

pWY130 pWY084 pRS416-ADH1pro-FLAG-Set2 ΔA-B (Δ262-338) this study 

pWY131 pBL944 pRS415-Set2 Pro/Ter-HA-Set2 this study 

pWY136 pWY084 pRS416-ADH1pro-FLAG-Set2 ΔC (Δ339-386) this study 

pWY137 pWY084 pRS416-ADH1pro-FLAG-Set2 ΔB (Δ303-338) this study 

pWY138 pWY084 pRS416-ADH1pro-FLAG-Set2 ΔD (Δ387-415) this study 

pWY139 pBL869 pRET-GST-Set2-477C this study 

pWY141 pBL869 pRET-GST-Set2-262C this study 

pWY151 pWY084 pRS416-ADH1pro-FLAG-Set2 ΔE (Δ416-476) this study 

pWY152 pWY084 pRS416-ADH1pro-FLAG-Set2 ΔA-E (Δ216-476) this study 

pWY182 pWY138 pRS416-ADH1pro-FLAG-Set2  ΔD-C201A this study 

pWY184 pWY137 pRS416-ADH1pro-FLAG-Set2 ΔB-C201A this study 

pWY215 pWY074 pRS415-Set2 Pro/Ter-HA-Set2 ΔD (Δ387-415)  this study 

pWY216 pWY074 pRS415-Set2 Pro/Ter-HA-Set2 ΔB (Δ303-338) this study 

pWY217 pWY074 pRS415-Set2 Pro/Ter-HA-Set2 ΔC (Δ339-386)  this study 

pWY218 pWY074 pRS415-Set2 Pro/Ter-HA-Set2 ΔE (Δ416-476)  this study 
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Table 2.2 Strain List 

NAME Parental 

strain 

Genotype Source 

YBL360 BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Rpb9-TAP::HIS3 Li Lab 

YCR377 YCR376 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3 ΔSET2::HPH Li Lab 

YYW010 BY4742 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 ΔSET2::KAN  Li Lab 

YYW026/A  BY4741 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  HIS3::pGAL1-3HA-Set2 this study 

YYW037 PH499 MATa  ura3-52 lys2-801 ade2-101  his3-Δ200  leu2-Δ1Set2-C-TAP::TRP1 Li Lab 

YYW040 BY4742 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 Set2 1-618-C-TAP::URA3 this study 

YYW042 BY4742 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  HIS3::pGAL1-3HA-Set2 

1-260-C-TAP::URA3 

this study 

YYW044 BY4742 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 Set2 1-260-C-TAP ::URA3   this study 

YYW045 YBL699 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ΔRPH1::KAN ΔJHD1::Cre-LEU2 

Set2 1-260-C-TAP::URA3  

this study 

YYW087 BY4742 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 Set2-C-TAP::URA3 this study 

YYW114 YYW120 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 +pWY046(pYIA 

CTD-fusionKpnI/SnaBI Leu2) 

this study 

YYW115 YYW120 MATalpha hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 +pWY045(pYIA 

CTD-fusion-SetT2 1-261KpnI/SnaBI Leu2) 

this study 

YYW117 YYW121 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 

ΔSET2::HPH+pWY046(pYIA CTD-fusion KpnI/SnaBI Leu2)  

this study 

YYW118 YYW121 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 

ΔSET2::HPH+pWY045(pYIA CTD-fusion-Set2 1-261KpnI/SnaBI Leu2)  

this study 

YYW120 Z26 MATalpha hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 +pRP112 (RPB1 

CEN URA3) 

John 

Stiller 

YYW121 YYW120 MATalpha hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3ΔSET2::HPH +  

pRP112 (RPB1 CEN URA3 )  

this study 

YYW122 CKY283 MATa ura3-52 his3∆200 leu2∆1 or ∆0 trp1∆63 met15∆0 lys2-128∂ gal10∆56 

rpb1∆::CLONATMX Rpb3-TAP::KlacTRP1+pRP112 (RPB1 CEN URA3) 

C. 

Kaplan 

YYW123 YYW120 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 +pWY044(pYIA 

CTD-fusion-Set2 1-618 KpnI/SnaBI Leu2) 

this study 

YYW124 YYW120 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 +pWY043(pYIA 

CTD-fusion-Set2 KpnI/SnaBI Leu2) 

this study 

YYW125 YYW121 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 

ΔSET2::HPH+pWY044(pYIA CTD-fusion-Set2 1-618 KpnI/SnaBI Leu2)  

this study 

YYW126 YYW121 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 

ΔSET2::HPH+pWY043(pYIA CTD-fusion-Set2 KpnI/SnaBI Leu2)  

this study 

YYW127 BY4742 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 Set2 1-261-C-TAP ::URA3   this study 

YYW129 YBL699 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ΔRPH1::KAN ΔJHD1::Cre-LEU2 

Set2 1-261-C-TAP::URA3  

this study 

YYW134 YYW122 MATa ura3-52 his3∆200 leu2∆1 or ∆0 trp1∆63 met15∆0 lys2-128∂ gal10∆56 

rpb1∆::CLONATMX Rpb3-TAP::KlacTRP1+pWY045 (pYIA 

CTD-fusion-Set2 1-261 KpnI/SnaBI Leu2) 

this study 

YYW136 YYW122 MATa ura3-52 his3∆200 leu2∆1 or ∆0 trp1∆63 met15∆0 lys2-128∂ gal10∆56 

rpb1∆::CLONATMX Rpb3-TAP::KlacTRP1+pWY045 (pYIA 

CTD-fusion-Set2 1-618 KpnI/SnaBI Leu2) 

this study 
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YYW138 YYW122 MATa ura3-52 his3∆200 leu2∆1 or ∆0 trp1∆63 met15∆0 lys2-128∂ gal10∆56 

rpb1∆::CLONATMX Rpb3-TAP::KlacTRP1+pWY045 (pYIA 

CTD-fusion-Set2 KpnI/SnaBI Leu2) 

this study 

YYW162 W303 MATa ade2 can1 his3 leu2 lys2 met15 trp1 ura3 spt16-11  D. 

Stillman 

YYW163 W303 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN  D. 

Stillman 

YYW165 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN 

ΔRCO1::cre-HIS(c.kl)  

this study 

YYW800 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  ΔSET2::KAN+pWY129 

(pRS416-ADH1pro-FLAG-Set2 ΔA(Δ262-302)) 

this study 

YYW801 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  ΔSET2::KAN+pWY137 

(pRS416-ADH1pro-FLAG-Set2 ΔB(Δ303-338)) 

this study 

YYW802 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  ΔSET2::KAN+pWY136 

(pRS416-ADH1pro-FLAG-Set2 ΔC(Δ339-386)) 

this study 

YYW803 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  ΔSET2::KAN+pWY138 

(pRS416-ADH1pro-FLAG-Set2 ΔD(Δ387-415)) 

this study 

YYW804 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  ΔSET2::KAN+pWY151 

(pRS416-ADH1pro-FLAG-Set2 ΔE(Δ416-476)) 

this study 

YYW805 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  ΔSET2::KAN+pWY152 

(pRS416-ADH1pro-FLAG-Set2 ΔA-E(Δ216-476)) 

this study 

YYW806 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  ΔSET2::KAN+pWY087 

(pRS416-ADH1pro-FLAG-Set2  SET-G5-SRI-TEV(Δ262-618)) 

this study 

YYW807 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  ΔSET2::KAN+pWY088 

(pRS416-ADH1pro-FLAG-Set2 FL) 

this study 

YYW808 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  ΔSET2::KAN+pWY084 

(pRS416-ADH1pro-APDT2-FLAG-CYC1ter) 

this study 

YYW809 YYW162 MATa ade2 can1 his3 leu2 lys2 met15 trp1 ura3 spt16-11+pWY084 

(pRS416-ADH1pro-APDT2-FLAG-CYC1ter) 

this study 

YYW810 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN+pWY084 

(pRS416-ADH1pro-APDT2-FLAG-CYC1ter) 

this study 

YYW811 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN+pWY088 

(pRS416-ADH1pro-FLAG-Set2 FL) 

this study 

YYW812 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN+pWY129 

(pRS416-ADH1pro-FLAG-Set2 ΔA(Δ262-302)) 

this study 

YYW813 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN+pWY137 

(pRS416-ADH1pro-FLAG-Set2 ΔB(Δ303-338)) 

this study 

YYW814 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN+pWY136 

(pRS416-ADH1pro-FLAG-Set2 ΔC(Δ339-386)) 

this study 

YYW815 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN+pWY138 

(pRS416-ADH1pro-FLAG-Set2 ΔD(Δ387-415)) 

this study 

YYW816 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN+pWY151 

(pRS416-ADH1pro-FLAG-Set2 ΔE(Δ416-476)) 

this study 

YYW817 YYW163 MATa  ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN 

+pWY182(pRS416-ADH1pro-FLAG-Set2 ΔD-C201A) 

this study 

YYW818 YYW163 MATa  ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN 

+pWY184(pRS416-ADH1pro-FLAG-Set2 ΔB-C201A) 

this study 

YYW819 YYW165 MATa ade2 can1 his3 leu2 ura3  spt16-11 ΔRCO1::cre-HIS(c.kl) 

ΔSET2:KAN+pWY129(pRS416-ADH1pro-FLAG-Set2 ΔA(Δ262-302)) 

this study 

YYW820 YYW165 MATa ade2 can1 his3 leu2 ura3  spt16-11 ΔRCO1::cre-HIS(c.kl) 

ΔSET2:KAN+pWY137(pRS416-ADH1pro-FLAG-Set2 ΔB(Δ303-338)) 

this study 

YYW821 YYW165 MATa ade2 can1 his3 leu2 ura3  spt16-11 ΔRCO1::cre-HIS(c.kl) 

ΔSET2:KAN+pWY136(pRS416-ADH1pro-FLAG-Set2 ΔC(Δ339-386)) 

this study 
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YYW822 YYW165 MATa ade2 can1 his3 leu2 ura3  spt16-11 ΔRCO1::cre-HIS(c.kl) 

ΔSET2:KAN+pWY138(pRS416-ADH1pro-FLAG-Set2 ΔD(Δ387-415)) 

this study 

YYW823 YYW165 MATa ade2 can1 his3 leu2 ura3  spt16-11 ΔRCO1::cre-HIS(c.kl) 

ΔSET2:KAN+pWY151(pRS416-ADH1pro-FLAG-Set2 ΔE(Δ416-476)) 

this study 

YYW824 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  

ΔSET2::KAN+pWY131(pRS415-Set2 Pro/Ter-HA-Set2) 

this study 

YYW825 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  

ΔSET2::KAN+pWY126(pRS415-Set2 Pro/Ter-HA-Set2 ΔA( Δ206-303)) 

this study 

YYW826 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  

ΔSET2::KAN+pWY127(pRS415-Set2 Pro/Ter-HA-Set2 ΔA-B( Δ206-338)) 

this study 

YYW827 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  

ΔSET2::KAN+pWY215(pRS415-Set2 Pro/Ter-HA-Set2 ΔD (Δ387-415)) 

this study 

YYW828 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  

ΔSET2::KAN+pWY216(pRS415-Set2 Pro/Ter-HA-Set2 ΔB(Δ303-338)) 

this study 

YYW829 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  

ΔSET2::KAN+pWY217(pRS415-Set2 Pro/Ter-HA-Set2 ΔC(Δ339-386) ) 

this study 

YYW830 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  

ΔSET2::KAN+pWY218(pRS415-Set2 Pro/Ter-HA-Set2 ΔE(Δ416-476) ) 

this study 

YYW831 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  

ΔSET2::KAN+pWY069(pRS415-pGAL1-HA-Set2 ) 

this study 

YYW832 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  

ΔSET2::KAN+pWY052(pRS415 ) 

this study 

YYW833 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  

ΔSET2::KAN+pWY091(pRS415-ADH1pro-ADPT2-FLAG-Set2 

FL-CYC1ter  )                                    

this study 

YYW834 YCR377 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3 ΔSET2::HPH 

+pWY084(pRS416-ADH1pro-ADPT2-FLAG-CYC1ter) 

this study 

YYW835 YCR377 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3 ΔSET2::HPH 

+pWY088(pRS416-ADH1pro-FLAG-Set2 FL) 

this study 

YYW836 YCR377 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3 ΔSET2::HPH 

+pWY129(pRS416-ADH1pro-FLAG-Set2 ΔA(Δ262-302)) 

this study 

YYW837 YCR377 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3 ΔSET2::HPH 

+pWY137(pRS416-ADH1pro-FLAG-Set2 ΔB(Δ303-338)) 

this study 

YYW838 YCR377 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3 ΔSET2::HPH 

+pWY136(pRS416-ADH1pro-FLAG-Set2 ΔC(Δ339-386)) 

this study 

YYW839 YCR377 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3  ΔSET2::HPH 

+pWY138(pRS416-ADH1pro-FLAG-Set2 ΔD(Δ387-415)) 

this study 

YYW840 YCR377 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3  ΔSET2::HPH 

+pWY151(pRS416-ADH1pro-FLAG-Set2 ΔE(Δ416-476)) 

this study 

YYW841 YCR377 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3  ΔSET2::HPH 

+pWY087(pRS416-ADH1pro-FLAG-Set2 SET-G5-SRI-TEV(Δ262-618)) 

this study 

YYW842 YYW132 MATahis3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ΔRCO1::KAN  

ΔSET2::URA3+pWY131(pRS415-Set2 Pro/Ter-HA-Set2) 

this study 

YYW843 YYW132 MATahis3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ΔRCO1::KAN  

ΔSET2::URA3+pWY126(pRS415-Set2 Pro/Ter-HA-Set2 ΔA( Δ206-303)) 

this study 

YYW844 YYW132 MATahis3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ΔRCO1::KAN  

ΔSET2::URA3+pWY127(pRS415-Set2 Pro/Ter-HA-Set2 ΔA-B( Δ206-338)) 

this study 
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Table 2.3 Primer List 

Primers Sequence Notes 
P1160 CGACTCGAGcgttcaagaatctctctctc SET2-Pro5XhoI 

P1162 TCTGGATCCttaaccagacatgcatatttggg SET2-Term5BamHI 

P1163 CTAGCGGCCGCTAGTCCTATGTACAAGCACA SET2-Term3NotI 

P1255 Ttcttggtcaaatggctcca Rump-F 

P1273 tctgagctcGTTACTTGATTCCCTATCCCTACCA Fluff-R-SacI 

P1397 TGTGATATCGGGAGTGCAAGGTCG  STE11 A up  

P1398 Ccggttaccgaggctgtatcaaagg STE11 A down  

P1399 GGAGGAAATAGGATGCACTCAATACCTGGATAG  STE11 B up  

P1400 Catcgatagcgtagcagtggatagagagc STE11 B down  

P1401 GCCATTCAGCAAGGCTAAGCATTGC STE11 C up  

P1402 Ctggccttttatgggcaagcttcg STE11 C down  

P1403 GATTGGGGTTGCGTATTTGCATAAG STE11 D up  

P1404 Gatgctgcagcaattcaagggc STE11 D down  

P1430 AGACTCGAGatgtcgaagaaccaaagtgtg SET2-5XhoI+ATG     

P1431 CTCGCGGCCGCTTATGATGATGTTGAAGGTG SET2-3STOP-NotI   

P1470 agaCTCGAGCCCGGGTCTGGAATTTTCATTTTCATTATGCT RPB1-fusion-UpR 

P1471 Agactcgagtacccatacgatgttcctgactatgcgtgatatagtatatcatccttacgt RPB1-fusion-DnF 

P1472 AGACTCGAGACCACCGAGAAACCC SET2-261R-NoSTOP

-XhoI 

P1561 agactcgagTTTCAACCGCTTAGCCTC CTD-SET2-618RXho

I 

P1562 agactcgagTGATGATGTTGAAGGTGGAGGA CTD-SET2RXhoI 

P1574 gcTAATACGACTCACTATAGGGAGAAATTATGTGTGCATCCAGCCA T7-STE11-3R 

P1612 acaGGATCCCTGGAAGTACAGGTTTTCACCACCGAGAAACCCAATACA SET2-261R-TEV-Ba

mH1 

P1613 acaGGATCCaagactcaaacagatgcggca SET2-261F-BamH1 

P1642 TAAGGATCCTTACGCATAGTCAGGAACATCGTATGGGTACCCGGGGATC

ACGTAAAACAACAACCA 

SET2-Pro3Sma-HA-

TAA BamHI 

P1695 [Phos]CTAGAatggattacaaggatgacgacgataagCTCGAGCCCGGGGCGGCCGC G pADH1-Adpr2 

X-Flag-XSNS-F 

adaptor 

P1696 [Phos]TCGACGCGGCCGCCCCGGGCTCGAGcttatcgtcgtcatccttgtaatccatT pADH1-Adpr2 

X-Flag-XSNS-F 

adaptor 

P1728 acaAGATCTACCACCGAGAAACCCAATACA SET2-261aa-R-BglII 

P1733 acaCTCGAGGGATCCaagactcaaacagatgcggca SET2-262-F-Xho1-B

am1 

P1740 GTTTATAGCGGGCATTATGCGTAGATCAG Z-4193F 

P1741 GTTCCTCTAGAATTTTTCCACTCGCACATTC Z-4477R 

P747 TTACGGTCCATTTGAGGAATCACTG STE11+1641F 
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Chapter 3 PRECISE CONTACT OF SET2 WITH POL II CTD 

REPEATS IS ESSENTIAL FOR ITS HISTONE 

METHYLTRANSFERASE ACTIVITY 

 
 
 

Abstract   

  The phosphorylated RNA polymerase II C-terminal domain (CTD) serves as a platform to recruit 

various factors including chromatin modifiers. In particular, the H3K36 methyltransferase Set2 has been 

shown to associate with the phosphorylated CTD through the SRI domain. Although it was shown that 

interaction between SRI and CTD is important for tri-methylated H3K36, the detailed underlying 

mechanism was unclear. In this study, we attempted to investigate if the phosphorylated Pol II CTD 

regulates Set2 activity beyond its recruitment. Surprisingly, we found the excessive amount of 

phosphorylated serine residues on CTD inhibited Set2 activity in vitro. The biophysical examination 

revealed that the additional phosphorylated CTD repeats collaterally occupied the surface of SRI where 

SRI contacts DNA. Finally, we determined that the minimal recognition unit of Set2 on fully 

phosphorylated CTD tail was three heptad repeats, and demonstrated that this minimal unit was 

sufficient for the Set2 recruitment without disrupting its catalytic activity. Since Pol II CTD utilizes 

repeating sequence as a scaffold for multiple factors, our results implicate that an organized spatial 

arrangement of these factors along CTD is necessary for accommodating their individual functions.   
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Introduction 

 

RNA Pol II CTD phosphorylation cycle  

 

RNA polymerase II (Pol II) is responsible to catalyze the transcription of protein encoding genes. 

C-terminal domain (CTD) of Pol II’s largest subunit Rpb1 has been shown to be phosphorylated on Ser2, 

5, and 7 residue of its highly conserved hepta-peptide Y1S2P3T4S5P6S7 during transcription (Bartkowiak 

and Greenleaf, 2011). In any transcription cycle, dynamic phosphorylation patterns of serine residues in 

CTD are essential to coordinate the recruitment of factors to ensure proper initiation, elongation and 

termination of mRNA. (Maniatis and Reed, 2002; Nechaev and Adelman, 2011) . RNA Pol II is 

recruited to the preinitiation complex (PIC) when CTD is hypophosphorylated (Lu et al., 1991). 

Following its binding to the promoter, Ser5 of yeast CTD is rapidly phosphorylated by either Kin28 

(Cdk7 in human) (Feaver et al., 1991) or Cdk8 (Srb10 and Srb11 in human) (Liao et al., 1995). These 

two kinase complexes are thought to have partially overlapping roles in transcription (Liu et al., 2004) to 

facilitate the dissociation of RNA Pol II from the PIC and elicit promoter escape (Sogaard and Svejstrup, 

2007). During transcription elongation, CTDK-1 and Bur1/Bur2 complexes are considered equally 

responsible for Ser2 phosphorylation during Pol II elongation stage. However, Bur1/Bur2 complex is 

thought to contribute Ser2P at early elongation stage, while deletion of Ctk1 was shown to reduce Serine 

phosphorylation in the downstream region by 90% (Qiu et al., 2009). At termination stage of 

transcription, CTD is de-phosphorylated by phosphatases recycled for the next round of transcription 

(Cho et al., 2001). Both Fcp1 and Ssu72 have been characterized as CTD phosphatase: Fcp1 is an 

essential for cell survival in yeast and it converts Pol II from phosphorylated IIO to unphosphorylated 

IIA (Archambault et al., 1997; Chambers and Dahmus, 1994) . Ssu72 has been shown to preferentially 

remove Ser5P from the CTD (Hausmann et al., 2005) and its activity is enhanced by the peptidyl prolyl 

isomerases Ess1 (Krishnamurthy et al., 2009). 

 

The CTD code  

 

Definition of the CTD code: One of the central questions regarding CTD regulation is how this simple 

sequence repetition orchestrates so many phosphorylated CTD association factors (PCAPs) with broadly 

diversified functions in a precise temporal and special manner. A “CTD code” model has been proposed 

for quite a long time that different combinations of CTD modification guide the recruitment of specific 
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binding factor at the appropriate time rather than carrying all of them throughout the transcription 

process (Buratowski, 2003). In this chapter we mainly discuss CTD Serine phosphorylation. 

 

Reading CTD code: Phosphorylated CTD binding factors have been shown to recognize specific CTD 

phosphorylation signals (on Ser2, Ser5, Ser7, Tyr1 or Thr4). For instance, Set1-mediated H3K4 

methylation mostly enriches at promoter regions to facilitate Pre-initiation Complex (PIC) assembly and 

gene activation (Lauberth et al., 2013). This is due to the recognition of Ser5P CTD which is unique at 5’ 

end of gene (Ng et al., 2003). Other examples including integrator subunit, Int11, which recognizes a 

distinguished Ser7P/Ser2P double mark on CTD (Egloff et al., 2010) and RNA-binding protein Nrd1 

which interacts with Ser5P CTD and requires a Ser5P-Pro6 bound in cis conformation (Kubicek et al., 

2012). Alternatively, cooperative binding may also contribute to p-CTD recruitment. For instance, CTD 

bound transcription termination factors Rtt103 and Pcf11 prefer longer (four instead of two) heptad 

peptide repeats because two of each factor cooperatively bind to neighboring CTD repeats respectively 

(Lunde et al., 2010). DNA damage response requires CTD bound Set2. Interestingly, its enzymatic 

activity is dispensable for this function pathway. In this case, Set2 may function to coordinate CTD 

association of a subset of DNA damage response factors (Winsor et al., 2013). 

 

Set2 is one of Phosphor-CTD-associating proteins (PCAPs) 

To date, a large number of PCAPs have been found to associate with phosphorylated CTD tail 

including elongation factors (Corden and Patturajan, 1997), mRNA capping enzymes (Cho et al., 1997; 

McCracken et al., 1997a), splicing enzymes (de la Mata and Kornblihtt, 2006), editing factors (Ryman et 

al., 2007), polyadenylation and 3’cleavage factors (McCracken et al., 1997b), and transcription 

termination factors (Gudipati et al., 2008; Vasiljeva et al., 2008) (see review (Eick and Geyer, 2013)). 

Yeast H3K36 methyltransferase Set2 (Strahl et al., 2002), has been shown to associate with elongating 

RNA Pol II through the interaction between SRI domain and p-CTD (Kizer et al., 2005; Li et al., 2003a). 

Similarly, Set2 orthologs in higher eukaryote, human Set2/Hypb and fly Hypb, also require association 

with phosphorylated Pol II through conserved SRI domain to achieve transcription-coupled H3K36me3 

(Bell et al., 2007; Edmunds et al., 2008; Sun et al., 2005). 

 

The structural insights into Set2/p-CTD interaction  

Set2 and its higher eukaryotes orthologs Setd2/Hypb utilize conserved Set2-Rpb1 interacting domain 
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to associate with phosphorylated CTD (Kizer et al., 2005; Sun et al., 2005). NMR studies show that both 

Set2 and Setd2/Hypb SRI domain form three-helix left-handed bundles, which is different from other 

CTD binding domains (Li et al., 2005; Meinhart et al., 2005; Vojnic et al., 2006). The proper CTD 

phosphorylation patterns for Set2 binding have also been studied. It was shown that Set2 SRI domain 

interacts with phosphorylated Ser2/Ser5 CTD peptide compromising two-heptad repeats and three 

flanking NH2-terminal residues (2,5,2,5 peptide). On the other hand, human SRI interacts best with 

phosphorylated Ser2,5 CTD peptides that contains at least two complete repeats (2,5,2,5,2,5 peptide, 

2,5,2,5 peptide, and 5,2,5,2 peptide), with several folds weaken affinity towards 2,5,2 and 5,2,5 peptides 

(Li et al., 2005; Vojnic et al., 2006) 

 

Set2 interaction with p-CTD is important for H3K36 methylation  

Set2/p-CTD binding is required for H3K36 tri-methylation (Youdell et al., 2008), possibly because 

unbound Set2 will be degraded rapidly (Fuchs et al., 2012).However multiple lines of evidence also 

suggest that SRI/p-CTD contact may play additional roles besides affecting Set2 protein stability. 

Over-expressing WT Set2 in ∆CTK1 cells which lacked CTD phosphorylation restores occupancy of 

Set2 but not H3K36me3 on some genes (Youdell et al., 2008). This is consistent with what we observed: 

over-expressing WT Set2 was insufficient to tri-methylate H3K36 in ∆PAF1 and ∆CDC73 yeast strains 

though Set2 protein level is normal (Fig 2.2 B). Most intriguingly, in our Rpb1-Set2 fusion system, only 

the CTD-Set2-FL but not CTD-SET resumes H3K36me3 although both were recruited to nucleosome by 

fusion to elongating Pol II (Fig 2.1).  

H3K36me2/3 subsequently recruit histone deacetylase complex (HDAC) Rpd3S (Li et al., 2007b) to 

suppress intragenic cryptic transcription at 3’ of genes (Carrozza 2005). Loss of CTD phosphorylation 

correlates with cryptic transcription phenotype. For instance, deletion of Ctk1, the catalytic subunit 

(Ctk1) of CTD kinase CTDK-1 complex, or Bur2, the cyclin factor within Bur1 complex, causes cryptic 

transcription (Chu et al., 2007; Youdell et al., 2008). Deletion of one of Paf1 subunit Ctr9 causes cryptic 

transcription. (Li et al., 2009a; Youdell et al., 2008).Interestingly, Rpb3S complex can directly associate 

with Ser5 phosphorylated Pol II CTD. However, its histone deacetylase activity still requires H3K36 

methylation (Govind et al., 2010). 

Though in vitro CTD peptide binding studies help discover the CTD binding signals of PCAPs. 

Little is known as to whether CTD binding affects activities of PCAPs. We started our study by testing 

whether phosphorylated CTD (p-CTD) allosterically stimulates yeast Set2 methyltransferase activity on 
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H3K36. Multiple lines of evidence suggest SRI/p-CTD interaction is required for tri-methylated H3K36 

in cells (Youdell et al., 2008) (result in Chapter 2).Surprisingly, we observed that phosphorylated FL 

CTD tail, instead of stimulating Set2 catalysis, inhibited Set2 activity by competing off the interaction of 

SRI with nucleosomal DNA. Another interesting finding was that Set2 only required three out of the 28 

CTD heptad peptide repeats to achieve full enzymatic activity. 

Our unexpected result suggests a new CTD binding model in which the number of phosphorylated 

CTD Serine residues should be controlled for the proper function of CTD binding factors. In particular 

for Set2, it may actively search for the specific CTD location with correct phosphorylated Serine number 

to balance CTD recruitment and enzymatic activity.   
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Results 

Set2 middle domain regulates the binding of SRI to phosphorylated CTD 

It has been shown that SRI domain interaction with RNA Pol II CTD is important for H3K36me 

(Kizer et al., 2005; Li et al., 2003a; Youdell et al., 2008). We wanted to test whether this interaction is 

regulated by other domain of Set2. We wanted to purify TAP-tagged Set2-FL and SRI deletion complex 

to compare their Pol II binding properties. Consistent with previous results, silver staining showed that 

the C-terminal TAP-tagged Set2-FL was co-purified with Pol II complex (Krogan et al., 2003; Li et al., 

2003a) while the TAP- Set2 ∆SRI abolished this interaction (Fig 3.1 B). In addition, consistent with 

precious observations, TAP- Set2 ∆SRI lost both H3K36me2 and H3K36me3 (Fig 2.4 A).  

In search for additional Set2 regions that regulate SRI/CTD interaction, we generated a series of 

recombinant GST-tagged Set2 N-terminal truncation and test their interaction with biotinylated CTD 

peptides composing of four-heptad repeats immobilized on streptavidin beads (Fig 3.1A) (Li et al., 

2003a).Results of pull-down assay showed that WT Set2 specifically interacts with Ser2 or Ser5 

phosphorylated CTD. Notably, SRI bound p-CTD with similar affinity and specificity to WT, suggesting 

this domain is sufficient for Set2/p-CTD interaction. Surprisingly, Set2 longer N-terminal truncations 

display reduced CTD binding specificities. N-terminal truncated mutants a.a. 262-733 and a.a. 476-733 

contain full length or partial Set2 middle domain, respectively. This domain (AID) has been shown to 

auto-inhibit Set2 activity (Fig 2.5E). These mutants also prefer phosphorylated CTD peptides. However, 

they also slightly bind to un-phosphorylated CTD (Fig 3.1C). This could be explained by the fact that 

the middle domain contains a WW domain which recognizes Proline-rich ligand (Macias et al., 2002) 

and that un-phosphorylated CTD which is considered as proline-rich protein sequences (repetitive PxY 

core). In fact, unphosphorylated CTD has been shown to be associated by other WW domain containing 

proteins (Chang et al., 2000). Moreover, in SET-T-SRI fusion protein where the entire middle domain 

was deleted, we observed significantly reduced phosphorylated CTD binding (Fig3.1 C). Remarkably, 

SET domain directly inhibited SRI/p-CTD contact (compared GST-619-733 (SRI) with GST-Δ262-618). 

Collectively, our CTD binding results show that the middle AID and SET domains controlled Set2 SRI 

binding to p-CTD, suggesting cross-talk of Set2 domains is essential for proper H3K36 methylation. 

 

Phosphorylated RNA Pol II complex inhibits Set2 activity  

Multiple lines of evidence suggest that SRI/p-CTD contact may play additional roles in H3K36me 
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besides affecting Set2 protein recruitment and stability. First, Over-expressing WT Set2 in ∆CTK1 cells 

which lacked CTD phosphorylation restores occupancy of Set2 but not H3K36me3 on some genes 

(Youdell et al., 2008). In Chapter 2, we also observed that in our Rpb1-Set2 fusion system, only the 

CTD-Set2-FL but not CTD-SET resumes H3K36me3 although both were recruited to nucleosome by 

fusion to elongating Pol II (Fig 2.1). In addition, over-expressing WT Set2 was insufficient to 

tri-methylate H3K36 in ∆PAF1 and ∆CDC73 yeast strains though Set2 protein level is normal (Fig 2.2 

B).  

To study the detailed mechanism of how p-CTD regulates Set2 activity, we tried to test the whether 

phosphorylated Pol II affects Set2 activity in vitro. The native Pol II complex from yeast by TAP 

purification was purified via its Rpb9 subunit (Carey et al., 2006) and the complex as phosphorylated in 

vitro using FLAG tagged recombinant yeast Pol II kinase CTDK-1 complex (Sterner et al., 1995). Silver 

staining of phosphorylated Pol II showed the Rpb1 subunit migrated more slowly than the 

unphosphorylated sample, indicating successful phosphorylation (Figure 3.2 B). Remaining kinase 

complexes were removed by anti-FLAG beads. Surprisingly, phosphorylated Pol II inhibited Set2 

activity in a dose-dependent manner while un-phosphorylated Pol II had no significant effect (Figure 3.3 

C).  

CTD fused Set2-FL/Pol II complex was also purified the through TAP-tagged Rpb3 from yeast 

(Chapter 2 Fig 2.1C). The purified fusion Pol II complexes were further phosphorylated by recombinant 

yeast CTDK-1 complex in presence of ATP (Figure 3.2 D). The activity of phosphorylated (with ATP) or 

unphosphorylated (without ATP) fusion CTD-Set2-FL/Pol II complex was compared in HMT assay 

(Figure 3.2F). Set2 activity in phosphorylated CTD-Set2-FL/Pol II complex decreased dramatically, 

consistent with what we observed in WT Pol II complex (Fig 3.2 C). In contrast, Set2 retained its 

activity in unphosphorylated CTD-Set2-FL/Pol II complex (Figure 3.2F). This difference is not likely 

due to phosphorylation of Set2 itself by CTDK-1 because the activity of recombinant Set2 remain the 

same regardless of its phosphorylation status (Figure 3.2F). Thus the above independent assays both 

indicate that, in contrary to current model, in vitro phosphorylated Pol II inhibits Set2 activity on 

nucleosome.  

 

Ser2 Phosphorylated CTD peptides do not inhibit Set2 activity 

To further investigate how phosphorylated Pol II inhibits Set2 activity, we tested if four-heptad 

Ser2P CTD peptide had the same inhibitory effect. The CTD peptide contained similar number of 
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phosphorylation sites and had been identified as Set2-interacting unit (Vojnic et al., 2006). We also 

showed by pull-down assay that it can efficiently associate with Set2 (Fig 3.1 C). In contrast to 

phosphorylated Pol II, neither Ser2 phosphorylated nor un-phosphorylated CTD peptides inhibited Set2 

activity. This result was unaffected even when the molar ratio between peptides and Set2 reached to 

125::1 (Figure 3.3).  

Considering CTDK-1 is promiscuous to phosphorylate CTD tail in vitro (Jones et al., 2004), the 

discrepancy of HMT results of Pol II and p-CTD peptide may be caused by different phosphorylation 

pattern of these two proteins. For example, phosphorylation of non-consensus region of CTD tail, amino 

acid residues other than Ser2 in heptad repeats (e.g. Tyr1, Thr4 or Ser7), or the overall amount of Ser2, 5 

phosphorylation on CTD tails or peptide. Moreover, RNA Pol II contains12 subunits (Bushnell and 

Kornberg, 2003). Although we only observed major migration shift of Rpb1 subunit after kinase reaction 

(Fig 3.2 B and E), we could not rule out the possibility that in our in vitro kinase system, unexpected 

promiscuity of CTDK-1 complex phosphorylated other subunits of Pol II which cause inhibition of Set2. 

 

Phosphorylated GST-CTD inhibits Set2 activity through the SRI domain. 

To study the phosphorylation-dependent inhibitory of CTD in more detail, we constructed an 

engineered CTD tail expression system that recapitulated the repetitive sequences of WT PolII CTD tail 

while enabled us to mutate any position along CTD. The vector contained 28-heptad repeats (compared 

with 26-heptad repeats in natural yeast CTD) and non-consensus sequences in natural CTD tail (Fig 3.4 

A to D). The Ser2 or Ser5 within each seven-heptad block can be engineered to single or double alanine 

mutation (Figure 3.4 C and see Material & methods for details). 

N-terminal GST-tagged FL WT CTD tail was purified from E. coli and subjected to 

phosphorylation using FLAG tagged Bur1 complex, a known CTD kinase (Fig 3.5 A). Coomassie blue 

staining showed that CTD migration shift up after Bur1 treatment (Figure 3.5 C), indicating successful 

phosphorylation. Bur1 complex was then removed by adding anti-FLAG beads to the system. We tested 

the inhibition of Set2 activity used the re-purified phosphorylated CTD tail (Figure 3.5 B). As shown in 

Figure 3.5D, the in vitro phosphorylated CTD tail inhibits Set2 activity in a dose-dependent manner, 

similar to what we observed before (Figure 3.2). In contrast, this inhibitory effect did not happen on Set2 

a.a. 1-261 which was known to lack p-CTD interaction (Figure 3.5 D). Thus, the inhibition of 

phosphorylated Pol II on Set2 activity depends on SRI/ p-CTD tail interaction.  

We also directly compared the inhibitory effect of GST- CTD tail and CTD peptides both with 
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four-heptad repeats on Set2. In a system coupling phosphorylation and HMT reaction, we found that 

phosphorylated CTD tail but not CTD peptides inhibited Set2 activity while unphosphorylated versions 

of neither cause inhibition (Fig3.5 E). Notably, we ruled out the possibility that phosphorylation on GST 

tag may cause defect in H3K36me by showing that Set2 had comparable activity in presence of GST and 

CTD peptide (Figure 3.5 E). 

 

Binding to phosphorylated GST-CTD neutralizes all SRI functions. 

We have shown that the middle domain (aa262-618) and SRI domain (aa619-733) antagonize each 

other in regulating Set2 activity (Fig 2.5 E). We want to further investigate whether the interplay 

between catalytic domain and auxiliary domains is also regulated by binding to CTD tail. To this end, 

we first tested how p-CTD tail influenced Set2 activity on histone H3 and observed p-CTD neutralizes 

SRI function when the middle domain is absent. 

In this system biotin conjugated H3 peptides were immobilized by streptavidin coated magnetic 

beads (Figure 3.6 A). WT Set2, SET domain (a.a.1-261), middle domain deletion (SET-T-SRI) and a 

partial middle domain deletion ∆B (∆ a.a. 303-338) were incubated with the substrate in presence or 

absence of p-CDT tails (Figure 3.6 B). After reaction, the methylated H3 peptide was enriched on 

magnetic beads and incorporated 
3
H was measured. WT Set2 had constant low activity while SET had 

constant high activity on histone H3 (Figure 3.6 C). This is probably due to the fact that catalytic center 

of WT Set2 cannot access H3 substrate because of its C-terminal region (including AID and SRI 

domain). Notably, despite adding p-CTD, WT Set2 remained inactive on H3. This is consistent with the 

notion that other histone contact surface or DNA is required for Set2 activity on nucleosome (Fig 2.3E) 

and (Du et al., 2008). In contrast, p-CTD rescued the activities of the two middle domain truncations to 

SET levels. We hypothesize that free SRI may interfere with SET interaction with its substrate and 

impede its activity. SRI/p-CTD interaction may remove this blockage and rescue H3K36me (Figure 3.6 

C). 

We then tested how p-CTD tail influenced activity of WT Set2 and middle domain deletion 

(SET-T-SRI) on nucleosome context and found p-CTD does not fully repress the activity of middle 

domain deletion. Both Set2-FL and Set2-TEV-FL showed activity on Hela LON nucleosomes. Notably, 

SET-T-SRI is super-active, possibly due to lacking of repression from the middle domain (Fig 2.5 E). 

Adding p-CTD completely inhibited Set2 FL activity while the activity of SET-T-SRI was reduced but 

not totally inhibited (Fig 3.6 D). 
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To directly test whether the binding of Set2 to p-CTD interferes with Set2 contact DNA and 

nucleosome, we performed gel shift assays (EMSA) using 
32

P labeled double-strand DNA or 

reconstituted nucleosomes as probes. As shown in Figure 3.7 A, adding increasing amount of p-CTD 

into the pre-incubated Set2 and 
32

P labeled DNA disrupted the interaction between them and caused 

release of increasing amount of free DNA. p-CTD also interfered with Set2 binding to nucleosome. Free 

nucleosomes were released from upper-shifted Set2/Nucleosome species when p-CTD was presented 

(Figure 3.7 B Lane 5, 6, 7). In contrast, four-heptad Ser2P CTD peptide did not affect Set2/Nucleosome 

interaction (Figure 3.7 B Lane 9, 10). The EMSA data supported the hypothesis that additionally 

phosphorylated CTD compete with Set2 binding to substrate and impede with it activity. 

Collectively, SET catalytic domain is regulated by both middle and SRI domains in cis. And the 

SRI/p-CTD tail interaction neutralized all SRI functions and left the SET domain fully repressed by the 

auto-inhibitory middle domain. 

 

Extra copies of phosphorylated heptapeptide CTD collaterally occupies at the DNA binding 

surface of SRI. 

Set2 has been shown to prefer nucleosome (Strahl et al., 2002).We found a novel DNA binding 

ability of SRI (Fig 3.8B). Moreover, we showed that p-CTD tail neutralized all SRI functions and left 

SET domain fully suppressed (Fig 3.6). We hypothesize that loss of SRI/DNA binding is the direct cause 

of Set2 activity loss on nucleosome. Though structures of p-CTD peptide binding surfaces on both yeast 

and human SRI domain have been solved (Li et al., 2005; Vojnic et al., 2006), the p-CTD tail interacting 

residues of Set2 are still unclear. 

We examined the detailed SRI domain conformational changes upon binding to phosphorylated CTD 

tail (p-CTD tail) using Deuterium exchange mass spectrometry (DXMS) technology which measures the 

hydrogen/deuterium exchange rates at each residue to reflect solvent accessibility at the region (Engen, 

2009). By comparing the deuterium exchange rates (H/D) of each residue in free SRI to that bound to 

p-CTD tail, we obtained the heat map of the H/D rate changes that pinpointed amino acid residues that 

being either more protected or more exposed upon SRI/p-CTD interaction (Fig 3.8 A). Several highly 

protected regions upon SRI/p-CTD binding were identified and almost all of the strongly protected 

residues located in the SRI domain (data not shown). By mapping protected SRI residues from H/D 

exchange assay onto published yeast SRI structure model (Vojnic et al., 2006), we observed much larger 

p-CTD tail binding surfaces (Fig 3.8 C Left panel p-CTD FL/Set2, dark blue area according to the scale 
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bar in Fig 3.8A) than that was found in previous p-CTD peptide binding assay (Fig 3.8 C, right panel 

p-CTD peptide /Set2, purple or green area according to residue marks in Fig 3.8 A). 

Multiple residues with potential DNA binding abilities were found in SRI domain (Fig 3.8A cyan 

crosses on top of amino acid sequence). Strikingly, when those predicted DNA binding residues were 

mapped onto published SRI/p-CTD peptide structure, we found: 1) None of predicted DNA binding 

residues overlaps with p-CTD peptide binding surface (Fig 3.8 C, compare surfaces in middle panel and 

colored surfaces in right panel). 2) Besides the intrinsic p-CTD peptide binding surface, p-CTD tail 

introduces additional contact surface into SRI (Notice that the blue surfaces included most of green and 

purple surfaces). 3) Most of the predicted DNA binding residues are shared by the additional binding 

surface introduced by p-CTD tail (Figure 3.8 C middle panel). 

Based on above findings, we hypothesized that reason why only p-CTD tail but not p-CTD peptide 

can inhibits Set2 activity on nucleosome was because the additional phosphorylated Ser residues on 

p-CTD tail competed for binding surface of SRI with nucleosome which inhibited Set2 recruitment to 

nucleosomes. 

 

Extra copies of phosphorylated heptapeptide CTD inhibits Set2 HMT activity. 

In our in vitro assay, Set2 activity was inhibited by heavily phosphorylated CTD. We hypothesized 

that optimal phosphorylation environment for each CTD bound Set2 may be required for the optimal 

enzyme activity. To test this, we utilized the engineered CTD system (Fig 3.4) to construct various 

length of heptad repeats and screened for optimal Set2 binding and activity. We first constructed the FL 

CTD tails that only containing 14 or 28 Ser2, 5 with the rest Ser residues being replaced by Ala (Fig 3.9 

A). The purified CTD tails were phosphorylated (Data not shown) and added into HMT assay of 

recombinant Set2 (Figure 3.9 B). However, Set2 activity on nucleosome can not be rescued by these 

CTD with decrease phosphorylation (Fig 3.9 C) indicating seven-heptad WT repeat CTD which contains 

much more phosphorylated Serines than p-CTD peptide (14 compared to 4) is still sufficient to inhibit 

Set2 activity. 

We then further reduced the total phosphorylation on CTD tail by mutated Ser2, 5 to Ala in 

individual heptad repeats. In this case, p-CTD with seven phosphorylated heptads still retains about 80% 

of its inhibitory ability, while p-CTD with four phosphorylated repeat started to show compromised 

inhibition on Set2 activity (Fig3.9 D). Further reduction to three, two or one phosphorylated heptads 

leaded to less than 20% if inhibition (Figure 3.9 D, E). And all S2, 5A mutant CTD (1*(28)) did not 
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affect Set2 activity at all. Therefore, we concluded that p-CTD tail inhibition on Set2 was due to 

excessive amount of Ser2/5 phosphorylation exposed to the methyltransferase.  

To rule out the possibility that loss of p-CTD inhibition was due to the loss of SRI/p-CTD interaction, 

we tested the interaction of Set2 with all p-CTD tail variants we used in HMT in a pull down assay (Fig 

3.9F). We found that the minimum requirement for Set2 binding is three-heptad repeats and C1-1WT 

and C1-2WT CTD fail to interact with Set2 (Figure 3.9 G).This finding is also consistent with p-CTD 

peptide binding result that at least four phosphorylated Serine residues are required for Set2 binding. 

Collectively, we concluded the optimal p-CTD length for Set2 binding and activity is three 

phosphorylated heptad repeats. Higher phosphorylation density may cause inhibition of the enzyme. 

 

Discussion  

In this study we used biochemical approaches to study how phosphorylated CTD code regulates Set2 

methyltransferase activity. We found that, firstly, in contrast to factors like Rtt103 that prefer high 

phosphorylation density-prone CTD (Lunde et al., 2010), Set2 activity on nucleosome was inhibited by 

excess phosphorylation on CTD tail. In specific, Set2 required only three CTD heptad repeats for proper 

recruitment and function. Secondly, our study revealed an additional function of Set2 SRI domain. 

Besides recruiting the enzyme to p-CTD, SRI also fine-tuned the interaction among Set2, nucleosome 

DNA and p-CTD. We speculated that when excessive phosphorylated residues were presented, the 

interaction with p-CTD may compete with SRI bind to nucleosomal DNA thus compromised Set2 

activity. 

By comparing C1-3WT and C1-4WT CTD tails, we notice that the assuming the Serine 

phosphorylated is saturated after kinase reaction, the maximal number of phosphorylated Serine2, 5 

residues that do not affect Set2 activity is 7 because 8 phosphorylated Serine residues are able to cause 

about 50% decrease of Set2 activity. And the comparison between two-heptad WT repeats which does 

not bind to Set2 with previously used four-heptad Ser2P peptide suggests that the minimal binding 

module of CTD for Set2 is about four continuously phosphorylated Serine residues in di-heptad repeat 

flanked by the adjacent heptad residues. 

Based on our in vitro results we argue that the improper ratio between phosphorylated CTD Serine 

residues and Set2 causes an unfavorable environment for Set2. However this observation may imply that 

the optimal phosphorylation density for each CTD bound Set2 is required for the H3K36 in vivo. It is 



 
 

71 
 

believed that in the physiology condition the phosphorylated CTD tail is co-occupied by various CTD 

binding factors to coordinate Pol II transcription and other functions. Meanwhile, multiple CTD 

phosphatases are also involved in balancing the phosphorylation density (Bataille et al., 2012; Phatnani 

and Greenleaf, 2006) presumably leaving very limited amount of the exposed phosphorylated serine 

residues. Yeast CTD contains 26 copies of heptad repeats giving 52 possible Ser2, 5 phosphorylation 

sites (Corden et al., 1995) while just 3-4 continuously phosphorylated Ser2 and 5 residues across two 

and half CTD heptad repeats are sufficient for SRI association (Li et al., 2003a; Vojnic et al., 2006). 

Thus, Set2 must locate either on an isolated CTD region or a CTD binding “module” formed by multiple 

neighboring binding factors where only proper phosphorylated Serine residue are exposed.  

We speculate that there are two strategies for Set2 to find the correct CTD code balancing both CTD 

recruitment and enzyme activity. The random searching for the isolated p-CTD region with correct 

phosphorylation density is energetically inefficient and requires cooperation between Set2 and CTD 

phosphatase. Alternatively, Set2 can resides in a fixed CTD binding “module” formed by neighboring 

factors which constantly provides favored CTD phosphorylation environment.  

Genetic studies show that overlong CTD tail has functional defect under stress, presumably because 

the additional distal heptad repeat competitively recruit the proximal repeat binding factors (Liu et al., 

2010). Emerging evidence also suggests that a number of CTD associated factors follow a 

well-organized manner to cooperatively occupy the CTD for the DNA damage response and this does 

depend on Set2 binding(Winsor et al., 2013) . Thus, the neighboring PCAPs and Set2 may form a 

specific subset of PCAP module to coordinate each other’s function during transcription. 
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Figure 3.1 Set2 middle domain regulates the binding of SRI to phosphorylated CTD. 

(A) The scheme of C-terminal TAP-tagged Set2 FL and SRI domain deletion (1-618-TAP). GST-tagged 

Set2 FL and mutants. (B) Silver staining showing TAP-purified FL Set2 but not Set2 1-618 associates 

with RNA Pol II complex. (C) In vitro pull-down assay using recombinant GST Set2 variants and 

biotinylated CTD peptides: unphosphorylated (CTD), phosphorylated on Ser5 (Ser5P) or Ser2 (Ser2P). 

Streptavidin-coated magnetic beads were used to pull down CTD peptide bound Set2 variants and 

Western blot analysis was performed using anti-GST antibody
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Figure 3.2 Phosphorylated RNA Pol II complex inhibits Set2 activity. (A) An experimental 

scheme of in vitro phosphorylation assay using baculovirus expressed FLAG-tagged CTD kinase 

CTDK-1 complex (rF-CTK1) to phosphorylate RNA Pol II from tandem purification through 

TAP-tagged Rpb9 subunit. Anti-FLAG beads were applied after phosphorylation reaction to 

remove rF-CTK1from final products. (B) Silver staining showing the shifted migration of Rpb1 

subunit from phosphorylation reaction (Lane 2) and anti-FLAG beads incubation (Lane 1). (C) 

HMT assay using Hela LON nucleosomes as substrate to test the inhibitory effect of 
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phosphorylated RNA Pol II (p-Pol II) upon F-Set2. HMT activity was represented as mean ± 

SEM, n=3. (D) An experimental scheme of testing the methyltransferase activity inhibition of 

Rpb1-fused Set2 by in vitro phosphorylation using baculovirus expressed FLAG-tagged 

CTDK-1 complex (rF-CTK1). The Rpb1-Set2 fusion RNA Pol II complex was purified through 

TAP-tagged Rpb3 subunit (Rpb3-TAP). Right after kinase reaction, Hela LON, 5xHMT buffer, 

and 
3
H labeled SAM were added to carry out methyltransferase reaction. The incorporated 

3
H 

was read by scintillation counter. (E) Silver staining of the shifted migration of phosphorylated 

Rpb1-Set2 (p-Rpb1-Ser2) by rF-CTK1. (Lane2 and 3 compared with Lane 1). (F) HMT assay 

illustrated in (A) showing the inhibited Rpb1-Set2 methyltransferase activity after kinase plus 

ATP treatment compared with no ATP treatment. The recombinant FLAG-tagged Set2 (F-Set2) 

incubated with kinase (with and without adding ATP) showing kinase reaction does not affect 

Set2 to inhibit methyltransferase activity.  
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Figure 3.3 Ser2 Phosphorylated CTD peptides (4X) do not inhibit Set2 activity. HMT assay 

using synthesized four-heptad repeat CTD peptides: un-phosphorylated (CTD) or phosphorylated 

on Ser2 (S2P-CTD) to test the inhibitory effect upon F-Set2. Fixed amount of Set2 was 

incubated with 5-fold serial titrations of CTD peptides, then subjected to HMT assay using 

nucleosome substrates 
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Figure 3.4 A clone strategy to engineer mutations at any position along CTD. (A) The scheme 

of pBSaK vector (pBL766) generated by mutating all the BtsI and NgoMIV restriction sites on 

pBluescript (I) KS plasmid. (B) The scheme of individual oligo adaptors inserted into pBSaK to 

form “CTD carrier” vectors C1 to C4. (C) The scheme illustrating the seven-heptad repeats of 

wild type (“W”, left) or S2, 5A (red “1”, right) mutant on “CTD carrier” vector. The nucleotide 
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and amino acid sequences of single heptad are shown. AvaI restriction site is marked in green. 

The circled “P” indicates phosphorylation while the circled “X” indicates lack of the 

phosphorylation sites on mutant. (D) The scheme displaying the intermediate FL WT CTD tail 

construct pKSn-WWWW (pBL791) which contains four blocks of seven each wild type CTD 

heptad repeats (C1-W to C4-W) and is made by the ligation of each seven-heptad repeat 

fragment from “CTD carrier” vectors through unique restriction sites as shown on the top of the 

graph. The final CTD tail contains 28 repeats of CTD heptad in total as well as the non-repetitive 

regions of the natural CTD at both N-terminus and C-terminus which are named as “Rump” and 

“Fluff” respectively. (E) The glossary of CTD nomenclature: Letters and numbers in black 

indicate wild type while red indicates mutant. The left panel lists the building units of CTD 

heptad: “WT” indicates individual wild type CTD heptad as shown in (C) while “W” represents 

seven repeats of “WT” heptad. The “1*” indicates individual mutant CTD heptad with Ser2,5 

replaced by Ala as shown in (C) and “1” means seven repeats of S2,5A heptad. The middle panel 

lists the CTD tails used in this study that carry various combinations of wild type and mutant 

heptads. “W”  “WT”, “1” and “1*” are consistent with the left panel and “C1” indicates the 

manipulation of the first block of seven-heptad repeat as shown in (D). The bars at right panel 

illustrate the copy number and location of either wild type (black) or mutant (red) heptad 

according to each CTD variants listed in the middle panel. 

 

 

 

 



 
 

78 
 

 

 

Figure 3.5 Phosphorylated GST-CTD inhibits Set2 activity through the SRI domain. (A) A 

scheme of engineered N-terminal GST-tagged FL WT CTD tail. The detailed structure of WT 

CTD tail has been shown and described in Fig 3.4. (B) The experimental scheme of checking the 

inhibitory effect of in vitro phosphorylated GST-CTD on Set2 activity. Baculovirus expressed 

Bur1 complex was purified through FLAG-tagged Bur2 subunit (F-Bur2) and used to 
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phosphorylate GST-CTD. After kinase reaction, anti-FLAG beads were applied to remove most 

of kinase complex from solution. The phosphorylated GST-CTD was added into HMT reaction 

containing HMT buffer, HeLa LON nucleosome, F-Set2 and 
3
H labeled SAM. (C) Coomassie 

blue staining of phosphorylated GST-CTD (p-CTD, Lane 1 and 2) compared with 

un-phosphorylated GST-CTD (CTD, Lane 3). (D) HMT assay showing p-CTD inhibits enzyme 

activities of recombinant Set2 (FL) but not Set2 1-261. (E) Comparing the inhibitory effects 

between GST-CTD tails and CTD peptide on Set2 activity in the assay coupling phosphorylation 

and HMT reactions. GST-CTD tails and CTD peptide were incubated with rF-CTK1 and ATP for 

one hour first and HeLa LON nucleosome, F-Set2 and 
3
H labeled SAM were immediately added 

for one more hour incubation to perform HMT reaction. 
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Figure 3.6 Binding to phosphorylated GST-CTD neutralizes all SRI functions. (A) An 

experimental scheme to test how phosphorylated GST-CTD tail influences the activities of Set2 

variants on un-methylated H3 peptide. (B) A scheme illustrating FLAG-tagged Set2 variants 

used in (A). (C) The activity of Set2 middle domain deletion is rescued by p-CTD tail but not FL 

on H3 peptide. In vitro HMT assay as shown in (A) displaying activity changes of Set2 variants 

on synthesized H3 peptide upon adding in vitro phosphorylated GST-CTD tail. After reaction, 

the methylated H3 peptide was enriched on streptavidin-coated magnetic beads, and incorporated 

3
H was measured. HMT results are represented as mean ± SEM, n=3. (D) p-CTD partially 

inhibits Set2 middle domain deletion activity on nucleosome. HMT assay using Hela LON 

nucleosomes as substrate to test the inhibitory effect of phosphorylated RNA Pol II upon Set2 

middle domain deletion (SET-T-SRI). 
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Figure 3.7 Phosphorylated GST-CTD inhibits the binding of Set2 to DNA and nucleosomes. 

(A) EMSA assay showing F-Set2 binds to 32P-labeled DNA probes and phosphorylated CTD tail 

(p-CTD) competes with Set2/DNA interaction (Lane 4 compared with Lane 5, 6, 7). GST-Eaf3 

1-220 protein served as positive control of proper DNA binding. (B) EMSA assay showing 

phosphorylated CTD tail (p-CTD), but not four-heptad repeat Ser2P CTD peptide (S2P CTD), 

prevents F-Set2 from binding to reconstituted mono-nucleosome (Lane 5, 6 and 7 compared with 

Lane 9 and 10). GST-Eaf3 1-220 protein served as positive control of proper nucleosome 

binding. 
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Figure 3.8 Extra copies of phosphorylated heptapeptide CTD collaterally occupies at the DNA 

binding surface of SRI. (A) Deuterium incorporation changes of Set2 SRI domain upon Set2/ 

p-CTD tail interaction measured in H/D exchange assay. Colored bars underneath the amino acid 

sequence represent the levels of deuterium incorporation changes at each measured residue by 
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normalizing deuterium incorporation rate of p-CTD tail bound Set2 with that of Set2 alone. The 

resulted change ranges from -50% (blue) to +50% (red). Higher value suggests faster H/D 

exchange and more solvent accessibility at the region. The predicted yeast SRI/ DNA interacting 

residues (cyan cross) by Bind N (http://bioinfo.ggc.org/bindn/) web server and previously 

published human (purple cross) or yeast (green cross) Set2 SRI/ p-CTD peptides interacting 

residues are also indicated above the amino acid sequence. (B) EMSA assay showing that SRI is 

responsible for the binding between Set2 and double-strand DNA. End-labeled 216bp DNA that 

contains a 601 positioning sequence was used. The truncated Eaf3 proteins were served as a 

positive control for proper DNA binding. (C) Mapping of the residues shown in (A) on the yeast 

SRI domain structure (PDB 2C5Z (Venjnic et al 2006)) using PyMOL. The surface displays of 

following SRI residues are shown from four different angles (from top to bottom) when the SRI 

structure model is rotated: 1. Set2/p-CTD FL tail interacting residues from H/D exchange 

analysis (left panel blue gradient and pink regions), 2. The predicted SRI/DNA interacting 

residues (middle panel, cyan regions), and 3.the published p-CTD peptide binding residues of 

either human or yeast Set2 SRI domain (right panel, green for ySRI and purple for hSRI). The 

overlapped regions of Set2/p-CTD tail and predicted SRI/DNA interaction are highlighted by 

yellow dash circle.
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Figure 3.9 Extra copies of phosphorylated heptapeptide CTD inhibits Set2 HMT activity. (A) A 

scheme of engineered GST-tagged FL CTD tail “W111” mutant. It contains seven-heptad wild 

type repeats (“W”) at the first block (C1) of CTD tail and seven-heptad S2, 5 A repeats (“1”) at 
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the rest of three blocks (C2-C4). (B) The experimental scheme to test the inhibitory effects of 

CTD variants on Set2 activity right after being phosphorylated by baculovirus expressed 

FLAG-tagged CTDK-1 complex (rF-CTK1). The GST-CTD tail variants and rF-CTK1were first 

incubated with/without adding ATP for 1hour at 30
o
C. Then F-Set2, HeLa nucleosomes, and 

3
H 

labeled SAM were directly added and incubated for 1 more hour to perform HMT reactions. (C) 

Phosphorylation-HMT coupled assays illustrated in (B) showing the phosphorylation of seven or 

more wild type CTD heptads is sufficient to inhibit Set2 activity. The CTD nomenclatures are 

illustrated either by equations showing the number (“WT” for wild type and “1*” for the S2, 5 A 

heptad) or bar presentations showing the locations (black for wild type and red for the mutant) of 

heptad units on CTD tails. (D)The same assay illustrated in (B) showing that further reducing 

WT CTD heptad on FL CTD tail rescues Set2 activity. (E) The relative inhibition of 

phosphorylated CTD tail variants converted from (D) by displaying the percentages of Set2 

activity reduction upon ATP addition. (F) The experimental scheme of testing the interaction 

between F-Set2 and p-CTD tail variants: GST-CTD tail variants were incubated with rF-CTK1 

with/without adding ATP at 30
o
C for 1 hour. Right after kinase reaction, F-Set2 was added and 

further incubated for a half hour. The glutathione coated beads (GSH beads) were added and the 

reaction was transferred to 4
o
C for two more hours of incubation. The eluate was resolved in 8% 

SDS-PAGE and anti-FLAG antibody was applied to detect CTD bound F-Set2. (G) Glutathione 

beads pull-down assay illustrated in (F) showing the FL CTD tail mutants containing three WT 

heptad repeats are required for Set2 binding. 
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Materials and Methods 

Construction of plasmids and yeast Strains: 

  To construct GST-tagged Set2 and its N-terminal truncation mutants, FL and C-terminal 

portions of SET2 fragments were generated by standard PCR reaction. The 5’ primers for all Set2 

fragments contain BamHI cutting sites. The 3’primer for FL Set2 contains XhoI cutting sites 

while others contain NotI cutting sites right after the stop codon. The PCR fragments were first 

cloned into PCR blunt vector (Life Technologies) and then FL Set2 was sub-cloned into 

pRET-GST N2 vector (pBL196) while mutants were cub-cloned into pRET-GST-X/N (pBL869) 

vector, which was modified from pRET-GST N2 vector by inserting XhoI/NotI sites. 

  To generate FLAG-tagged Set2 and Set2 1-261, the DNA fragments were directly made by 

PCR reaction using 5’ primer containing XhoI and 3’ primer containing NotI sites from yeast 

genomic DNA. For the Set2 ∆B and SET-T-SRI mutants, two parts of DNA fragments were 

prepared separately as illustrated in Figure 5B. One part contains the SET domain of Set2 

flanked by the 5’ XhoI site and the 3’end BamHI site (Set2 SET-T-SRI SET domain also contains 

a TEV-recognition site and a flexible linker). The other part includes the rest of Set2 C-terminal 

portion with 5’BamHI site and 3’ NotI site. Two parts of fragments were cloned into XhoI/NotI 

digested pBP-HFT vector (pBL532) by three-way ligation. 

  To generate baculovirus expressing vectors for each individual subunit of Pol II CTD kinase 

complexes CTDK-1 and Bur1, all the ORFs flanked by XhoI/NotI sites were obtained by 

standard PCR reactions and first cloned into PCR Blunt vectors (Invitrogen). The fragments of 

CTK1 and BUR2 were cloned into pBacPAK-8-N-HisFlag-TEVsite (pBL532) through XhoI/NotI 

restriction sites to form pBP-HFT-Ctk1 (pWY092) and pBP-HFT-Bur2 (pWY095).Meanwhile 

the fragments of CTK2, CTK3 and BUR1 were cloned into pBacPAK8 (pBL541) to form 

pBP-Ctk2 (pWY093), pBP-Ctk3 (pWY094) and pBP-Bur1 (pWY096).  

pYIA-CTD-fusion-Set2 (KpnI/SnaBI) plasmid (Rpb1-Set2 fusion,pWY043) was constructed as 

described before (Chapter 2) and the resulting Rpb1-Set2 fusion shuffle strain with TAP-tagged 

Rpb3 subunit (YYW138) was generated by using the standard 5’-FOA counter selection method. 
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Construction of CTD plasmids: 

  To construct the yeast Pol II CTD, we developed a strategy to build an engineered CTD tail 

containing four blocks of seven each CTD heptad repeats (the total number is 28 compared with 

26 in natural yeast CTD).The final CTD construct also contains non-repetitive sequences of 

natural CTD at both N-terminus and C-terminus, which are named as “Rump” and “Fluff”, 

respectively. Our design allows us to make combinations of wild type and mutant (ex. S2A or S2, 

5A) heptad at each individual block so that we are able to manage the number and location of 

wild type heptad on CTD tail.  

  We first mutated all the BtsI and NgoMIV restriction sites on pBluscript (I) KS (pBL194) 

vector by PCR-based mutagenesis to create the intermediate vector pBSak as shown in Fig 3.4 A 

(pBSKO-NgoM4-Bts1-2-3,pBL766). To make “CTD carrier” vectors pBSak-C1 to pBSak-C4 for 

each individual block of seven-heptad repeat (pBL767, 768,769 and 770), the different adaptors 

containing KpnI-XX-AvaI-XXX-SacI sequences (XX, XXX indicates unique restriction sites as 

shown in Fig 3.4 B) were made by oligo annealing and inserted into pBSak vector through 

KpnI/SacI sites. To construct CTD heptad fragment flanking with AvaI sites, the WT 

(P1258/1259) or mutant (S2, 5A in this study (P1352/1353)) heptad oligo fragment was 

synthesized and annealed. The annealed fragments were applied to tandem ligation through AvaI 

site within each pBSak-C1 to pBSak-C4 vector, respectively. The ligation products that only 

contain seven-heptad repeat were screened out and sequencing confirmed as shown in Fig 3.4 C. 

To this end, the seven-WT or seven-S2, 5A mutant-heptad repeat were constructed into 

pBSak-C1 to C4 vector.  

  Meanwhile the CTD “mothership” vector pKSn (pBSaK-Rpb1-KSn-Linker, pBL773) 

containing the “Rump” flanked with a KpnI site at 5’, a linker region containing 

BamHI-BtsI-NotI-AflII-NgoMIV multi-cloning sites and the “Fluff” flanked with a SnaBI site at 

3’ was also constructed upon the backbone of pBSak (pBL766). Thus individual WT or mutant 

seven-heptad fragments from each of the pBSak “CTD carrier” can be inserted into the 
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“mothership” through respective restriction sites on multi-cloning region to form desired 

combinations of heptad repeats flanked by non-repetitive “Rump” and “Fluff” regions. 

  The intermediate FL engineered WT CTD tail construct pKSn-WWWW (pBL791) or FL 

S2,5A construct pKSn-1111 (pBL858) were cloned by sequential ligation of either WT or mutant 

seven-heptad fragments on pBSaK “carrier” C1-C4 vectors through unique restriction sites as 

shown in Fig 3.4 D. The WT/mutant hybrid CTD tails (ex.pKSn-W111, pBL860 shown in Fig 

3.9 A) was made by replacing the specific block on pKSn-WWWW, pKSn-1111 with mutant or 

WT seven-heptad fragment respectively. The resulting CTD tail constructs were ligated into 

KpnI/SnaBI digested pRET-GST-KSn vector (pBL942) which was modified from pRET-GST N2 

(pBL869) by inserting KpnI-SmaI-SnaBI adaptor.    

  To generate GST-CTD mutants that carry specific combinations of WT or S2, 5A heptad 

within the first block of seven-heptad CTD repeat (C1), the 1
st
 round tandem ligation was 

performed using WT heptad oligo and AvaI cut pBSak-C1 vector (pBL767). The ligated products 

that contain one to four copies of WT heptad repeat were screened out and confirmed by 

sequencing, respectively. These intermediate products were cut again by AvaI and the 2
nd

 round 

tandem ligation was carried out using S2, 5A mutant heptad oligo. The resulting ligation 

products that only contain seven copies of heptad in total were screened out and confirmed by 

sequencing. All C1 fragments carrying different combinations of WT/S2,5A heptad were 

generated by BamHI/BtsI digestion. Each resulting fragments was subjected to three-way 

ligation reaction with BtsI/NotI cut C2 fragments (from pBL787) carrying seven-heptad S2,5A 

CTD mutant and BamHI/NotI digested pKsn CTD-WW11 vector (pBL792), which contains 

another 14 copies of S2,5A heptad. The resulting WT CTD tail fragments were further digested 

by KpnI/SnaBI, and cloned into pRET-GST-KSn (KpnI-SmaI-SnaBI) vector (pBL942). 

 

Protein Purification: 

E coli system: Two flasks of 500ml of BL21-CodonPlus E coli cells transformed with indicated 

plasmids were cultured in LB medium and supplemented with 200μg/ml of Ampicillin (Sigma) 
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for 2-3 hours until OD 600 reached 0.4-0.6. Cell culture was cooled down on ice for 2 minutes 

and 200μl of 0.5M Isopropyl β-D-1-thiogalactopyranoside (IPTG Fisher) was added in each 

flask to induce the protein expression at 16 
o
C for another 4 hours. The cells were harvested and 

washed by 30ml of cold STE buffer (0.1M NaCl, 10mM Tris-HCl pH 8.0 and 1mM EDTA 

pH8.0). The cell pellets were re-suspended with 10 ml of 2M NaCl GST buffer (2M NaCl,10mM 

Tris-HCl pH 8.0, 20mM NaPO4 pH 6.8, 10mM β-Me and 0.01% NP40 freshly supplemented 

with 10μl of 1M Benzamidine-HCl, 30 μl of 200mM PMSF and 100μl of 1M DTT) and 

sonicated for 15 seconds twice. Repeat sonication once after adding 1.5 ml 10% Triton X-100 

into cell suspension. The sonicated cell lysates were incubated at 4
o
C for 30 minutes and 

centrifuged at 14’000 rpm for 10 minutes. The clarified lysates after centrifugation were 

incubated with 250μl of glutathione Sepharose 4B (GE Healthcare) at 4 
o
C for 4 hours to 

overnight. After intensive wash with 1 M and 0.1 M GST buffer, the protein bound glutathione 

beads were loaded on 10ml column (Bio-Rad) and equilibrated with about 3ml of GST elution 

buffer (50mM NaCl,25mM Tris-HCl pH 8.0, 10% Glycerol and 10mM β-ME ). The bound 

proteins were eluted with GST elution buffer containing 10mM glutathione (Sigma) and dialyzed 

in 1 litter GST elution buffer for 3 times and concentrated to about 1μg/μl.  

  

Insect cell system: To purify FLAG-tagged Set2 variants100ml Sf21 cells (1X10
6
 cells/ml) 

supplemented with 10% FBS (Sigma), 1% Penicillin Streptomycin (Life Technologies) were 

infected with proximally 10ml of each P2 virus and incubated at 27
o
C for 48 hours. Cells were 

collected and washed with 10ml 1X PBS buffer. Cell pellets were then lysed in 10ml BV-lysis 

buffer (50mM HEPES PH7.9, 500mM NaCl, 10% glycerol,0.5mM EDTA, 2mM MgCl2 and 0.2% 

Triton X-100) on ice for 30 minutes. The lysates were clarified by ultracentrifugation (Beckman 

50.2 Ti 40,000 rpm) for 30 minutes. 200 µl of anti-FLAG M2 affinity beads (Sigma) were added 

to the supernatants and incubated at 4 
o
C for at least 2 hours. Beads were then washed with 10ml 

BV-lysis buffer for 3 times and eluted with 600µl of 500µg/ml of 3xFLAG peptides (Sigma 
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F4799) twice. The eluents were concentrated to about150µl using 10kd cut-off concentrators 

(Amicon). 

  To purify CTD kinase complex CTDK-1(F-Ctk1) and Bur1 (F-Bur1) through FLAG-tagged 

Ctk1 and Bur2 subunit respectively, equal amount of P2 virus (10ml in total) of individual 

subunit was added into 100ml Sf21 cells (1X10
6
 cells/ml) supplemented with 10% FBS (Sigma), 

1% Penicillin Streptomycin (Life Technologies). Similar purification protocol was applied as 

described above with the exception of using the BV-lysis buffer containing 300mM instead of 

500mM NaCl (50mM HEPES PH7.9, 300mM NaCl, 10% glycerol,0.5mM EDTA, 2mM MgCl2 

and 0.2% Triton X-100) for cell lysis. 

 

TAP purification from yeast: The TAP purification was performed essentially as described in 

previous publication (Li et al., 2003b). Briefly, 6 liters of TAP-tagged Set2 derivative strains were 

grown in YPAD media supplemented with 2% Dextrose at 30
o
C OD600=2-3. The cell pellets were 

re-suspended in Extraction buffer (E buffer) (40mM HEPES pH 7.5; 350mM NaCl; 10% Glycerol; 

0.1% Tween 20) supplemented with Protease Inhibitor Cocktail (Sigma P8215 ) and disrupted 

through bead-beating (Biospec). Crude whole cell extracts were clarified through 

ultracentrifugation (Beckman 50.2 Ti at 45,000 rpm) and then incubated with 600µl IgG-sepharose 

(GE) at 4
 o
C for overnight. Bound proteins were cleaved from the beads by 100 units of TEV 

protease (Invitrogen) at 18
 o
C for 3hours. The eluent was mixed with 3ml of Calmodulin Binding 

Buffer (10mM Tris.HCl pH8.0, 150mM NaCl, 1mM Magnesium acetate, 1mM Imidazole, 2mM 

CaCl2, 10mM β-ME, 0.1% NP40, 10% Glycerol) and 3µl of 1M CaCl2, and subsequently 

incubated with 600µl Calmodulin-Sepharose (GE) at 4 
o
C for one hour. The bead bound proteins 

were finally eluted by Calmodulin Elution Buffer (10mM Tris.HCl pH8.0, 150mM NaCl, 1mM 

Magnesium acetate, 1mM Imidazole, 2mM EGTA pH8.0, 10mM β-ME, 0.1% NP40, 10% 

Glycerol) and concentrated using Amicon concentrators. 

 

CTD peptide pull-down Assay: 
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  Biotinylated peptides that corresponding to 4 heptad repeats of unphosphorylated (CTD), 

Serine2 phosphorylated (Ser2P) or Serine 5 phosphorylated (Ser5P) of Pol II CTD were 

immobilized on Dynabeads® M-280 Streptavidin (Invitrogen) at 4
 °
C for 2 hours. The beads 

carrying 8 µg of each peptide were then used for pull-down reaction with 1µg FL Set2 or equal 

molar amount of mutant proteins in Peptide Binding Buffer (25mM Tris.HCl pH 8.0, 50mM 

NaCl, 5% Glycerol, 0.03% NP40 and 1mM DTT). The bound proteins were eluted with 15ml of 

3XSDS buffer at RT for 15 minutes and analyzed by Western blotting analysis using anti-GST 

(Santa Cruz) antibodies. 

 

Preparation of whole-cell extracts for immunoblotting: 

  Cells were grown in 3ml YPD or synthetic drop-out media supplemented with 2% dextrose or 

2% Galactose at 30
o
C overnight, until OD reached 1-1.2. Cell pellets were re-suspended in 45µl 

of STE buffer (containing 500mM NaCl,10mM Tris HCl PH8.0 and 1mM EDTA) and 40µl of 

3xSDS buffer. 100µl of 0.5mm glass beads were then added and boiled at 95
o
C for 5 minutes. 

Samples were then vigorously vortexed to break the cells, and cell suspensions were clarified by 

spinning at 14000rpm for 5minutes. Anti-H3K36me3 (Abcam, 9050), anti-H3K36me2 (Abcam, 

9049), anti-H4 (Abcam, 10158), and anti-FLAG HRP (Sigma, A8592) antibodies were used 

according to manufacturers’ instruction. For anti-H3K36me2 antibody, 5% BSA was used for 

blocking, and 1% BSA were presented in all antibody incubation.  

 

Preparation of phosphorylated Pol II and GST-CTD:   

  To phosphorylate RNA Pol II complex, 100μg of Pol II purified through Rpb9-TAP was 

incubated with 30μg of F-Ctk1 complex in 2.6 ml reaction system, which contained 260μl of 10x 

p42 MAP Kinase buffer (500mM Tri HCl pH7.5, 100mM MgCl2, 1mM EDTA, 20mM DTT and 

0.1% NP40)( NEB B6022) and 50μl of 100mM ATP (Sigma) at 30
o
C for 20 hours. After 

checking the completion of phosphorylation by silver staining, the kinase buffer was replaced by 

Calmodulin Binding Buffer (10mM Tris.HCl pH8.0, 150mM NaCl, 1mM Magnesium acetate, 
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1mM Imidazole, 3mM CaCl2, 10mM β-ME, 0.1% NP40, 10% Glycerol) by using 100kD 

molecular weight cutoff Amicon Ultra (Millipore). Phosphorylated Pol II complex was 

immobilized by 600μl of Calmodulin Sepharose 4B (GE Healthcare) to get rid of most of the 

kinase, and then eluted with Calmodulin Elution Buffer (10mM Tris.HCl pH8.0, 150mM NaCl, 

1mM Magnesium acetate, 1mM Imidazole, 2mM EGTA pH8.0, 10mM β-ME, 0.1% NP40, 10% 

Glycerol) and concentrated. 

  To in vitro phosphorylate GST-CTD, 200μg of FL engineered GST-CTD tail (CTD-WWWW) 

was incubated with about 50μg of F-Bur1 complex in 1ml reaction system, which contains 1x p42 

MAP Kinase buffer and 2mM ATP at 30
o
C for 20 hours. After kinase reaction, 20ul of 

anti-FLAG M2 affinity beads (Sigma) were added to immobilize the most of the kinase and the 

supernatant was collected and concentrated by 10kD molecular weight cutoff Amicon Ultra 

(Millipore). The final phosphorylated product (p-CTD) was subjected to 10% SDS-PAGE and 

stained by Coomassie blue.   

 

Histone methyltransferase assays (HMT): 

  Standard HMT reactions were carried out in a 20µl system using 1xHMT buffer (50 mM 

Tris.HCl pH 8.0, 50 mM NaCl, 1 mM MgCl2, 2 mM DTT, 5 % Glycerol) supplemented with 

0.5µl of radio-labeled 
3
H S-Adenosyl methionine (SAM) (80 Ci/mmol, Perkin Elmer) at 30 

o
C 

for 1 hour (Li et al., 2003b). In phosphorylated Pol II inhibition assay, 0.1 μg of F-Set2 and 1μg 

of HeLa LON nucleosome were used, the initial amount of p-Pol II was 0.66μg and 3-fold serial 

titrated to 0.01μg. In FL p-CTD tail inhibition assay, 1μg of F-Set2 and equal molar of F-Set2 

1-261 were used. The amount of FL p-CTD tail started with 1μg and 3 folds titrated to 0.01μg. 

Scintillation counting-based filter-binding assay was performed as described previously 

(Eberharter et al., 1998). 

  For the HMT assay using H3 peptides as substrates, 2μg of biotinylated H3 peptides (either 

un-methylated or H3K36me3), 1μg of F-Set2, and equal molar of mutants were used. After 

methyltransferase reaction, the salt concentration of the total reaction solution was increased to 

https://en.wikipedia.org/wiki/S-Adenosyl_methionine
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1M by supplementing 5M NaCl. 5μl of Dynabeads® M-280 Streptavidin (Invitrogen) was added 

to immobilize H3 peptides at 4
o
C for 2 hours. The beads were washed by 500 μl of Peptide 

Binding Buffer (25mM Tris.HCl pH 8.0, 50mM NaCl, 5% Glycerol, 0.03% NP40 and 1mM 

DTT) for 3 times, and ScintiSafe™ 30% Cocktail (Fisher) was applied for scintillation count. 

  For the CTD inhibition assays using un-purified p-CTD products following kinase reactions, 

either 3μg of TAP purified Pol II-Set2 fusion complex or 1μg of GTS-CTD variants were first 

incubated with F-Ctk1 complex in a 10μl reaction containing 1μl of 10x p42 MAP Kinase buffer 

(NEB B6022)and 0.5 μl of 100mM ATP (Sigma) at 30 
o
C for 1 hour. Then 20μl of 5xHMT 

(Magnesium free) buffer (250 mM Tris.HCl pH 8.0, 250 mM NaCl, 10 mM DTT, 25 % 

Glycerol), 0.5ul of 
3
H labeled S-Adenosyl methionine (80 Ci/mmol, Perkin Elmer), 1μg of HeLa 

nucleosome and 80ul of H2O were added for one more hour incubation. In the assay that FL 

p-CTD tail variants were used, 0.8μg of F-Set2 was added after kinase reaction as well. 

 

Recombinant histone purification and nucleosome reconstitution for EMSA assay: 

  Xenopus recombinant histones (H3, H4, H2A, H2B) were individually expressed in 

BL21CodonPlus-RIL (Stratagene) cells and purified as described (Li et al., 2007b). Histone 

octamers were assembled and fractionated through gel-filtration column Superdex 200. To 

generate mono-nucleosomes with 
32

P labeled 601 positioning DNA fragments, similar strategy 

was applied as previously described ( Yun et al, 2012) 20μl of 5’ primer of 601 DNA sequence 

was end labeled with γ-
32

P labeled ATP (Perkin Elmer) by T4 PNK kinase (NEB) at 37
o
C for 1 

hour. The labeled 5’ primer was mixed with same amount of 3’ primer and 10ng/μl of 

pBS-196L-1X plasmid (pBL630) to PCR amplify 601 DNA template using lab made Pfu DNA 

polymerase. The final PCR products were loaded onto a 2.0% agarose gel in 1.5× TAE buffer. 

The DNA bands with the correct sizes were excised and purified using standard Gel extraction 

Kits (Qiagen Gel).Nucleosome reconstitution was carried out by adding 5 M NaCl, 2 mg/ml 

BSA, H2O, 1 pmol of radio-labeled DNA, and histone octamers into a 10 μ l reaction. While the 

theoretical mass ratio between octamer and DNA should be 1:1 while the practical ratio was 

https://en.wikipedia.org/wiki/S-Adenosyl_methionine
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determined by the pilot titration assays. The final concentrations of NaCl and BSA were 2 M and 

0.1 mg/ml, respectively. The salt concentration was gradually reduced by adding 3.3, 6.7, 5,3.6, 

4.7, 6.7, 10, 30, and 20 μl of the initial buffer ( 50mM HEPES Ph7.5, 1mM EDTA,0.1% 

NP40,20% Glycerol, 5mM DTT 0.5mM PMSF and 100μg/ml BSA)with a 15-min interval 

between each step while samples were incubated at 30°C.The reaction was brought to 0.1 M 

NaCl by adding 100 μl of final buffer (10mM Tris HCl pH7.5, 1mM EDTA,0.1%NP40,20% 

Glycerol 5mM DTT, 0.5mM PMSF and 100μg/ml BSA ) and incubated at 30°C for another 15 

min. The efficiency of nucleosome reconstitution was examined by running 2 μl of each sample 

on a 5% native PAGE gel in 0.3× TBE buffer. To purify reconstituted nucleosomes, all the 

samples were loaded onto 5% PAGE gel in 0.3×TBE running at 11 V/cm at 4°C for 5 hour. 

Cover the wet gel with plastic wrap and expose directly to an X-ray film for 30 minutes. 

According to the signal on X-ray film the gel pieces right at the position where nucleosomes 

migrated were cut by razor blade and smashed by pipetting up and down. Approximate 1.5x gel 

volume of Gel Elution buffer (~200–400 μl) (10mM Tris HCl pH7.4, 100mM NaCl, 1mM EDTA, 

5mM DTT,0.5mM PMSF and 0.1mg/ml BSA ) was added to elute the nucleosomes and the 

sample was placed at 4°C on a roller mixer for overnight incubation. The next day after 21,000 × 

g centrifuge at 4°C for 5 minutes, the barrel tips were used to withdraw the liquid from the gel 

and then transfer it to a 0.5-ml Eppendorf tube. ¼ volume of 5× Gel Final buffer (10mM 

Tris-HCl pH7.4, 100mM NaCl, 1mM EDTA, 50% Glycerol 0.25% NP40, 5mM DTT,0.5mM 

PMSF and 0.1mg/ml BSA)was added to the eluates and the resulting nucleosome solution was 

stored at 4°C. 1.5μl of nucleosome sample was taken for the scintillation counting.   

 

Gel shift assays (EMSA): 

  EMSA reactions were carried out in a 15-μl system, containing 10 mM HEPES pH 7.8, 50 

mM KCl, 4 mM MgCl2, 5 mM DTT, 0.25 mg/ml BSA, 5% Glycerol and 0.1 mM PMSF (1 × 

EMSA buffer). The samples were subjected to 4% PAGE gel running at 4 
o
C. In Set2/DNA 

binding assay, 1μg of F-Set2 was firstly incubated with 2000cpm scintillation count 
32

P labeled 
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216 bp 601 DNA fragments at 30
o
C for 30 minutes, then either phosphorylated or 

un-phosphorylated GST-CTD was added into reaction for 30 more minutes of incubation. The 

amount of GST-CTD was started at 0.3μg and serially diluted to 0.033μg by 3-fold. 

  For the EMSA assay testing that p-CTD competes with Set2/nucleosome binding, 1μg of Set2 

was used to pre-incubate with 
32

P labeled 196bp 601 DNA nucleosomes at 30
o
C for 30 minutes. 

Then 0.5, 0.167 and 0.056μg of either phosphorylated or un-phosphorylated GST-CTD or 0.2 

and 0.1μg of four-heptad CTD repeat peptide (un-phosphorylated (CTD) or phosphorylated on 

Ser2 (S2P)) was added into reaction respectively for 30 more minutes of incubation. 

 

GST-CTD pull-down assays:  

1.5μg of GST-CTD variants were incubated with 2.25μg of F-Ctk1 complex in 10μl reaction 

systems containing 1x p42 MAP Kinase buffer (NEB) with/without 10mM of ATP (Sigma) at 30 

o
C for 1 hour. Then 20μl of 5xHMT (Magnesium free) buffer (250 mM Tris.HCl pH 8.0, 250 

mM NaCl, 10 mM DTT, 25 % Glycerol), 80ul of H2O and 0.8 μg of F-Set2 were added for a half 

more hour incubation. 10μl of glutathione sepharose 4B (GE) 50/50 slurry which was 

pre-equilibrated with 1x HMT buffer was added, then the whole reaction was incubated at 4
o
C 

for 2 more hours. The glutathione beads were washed 3 times by150mM GST NaCl buffer 

(150mM NaCl, 10mM Tris-HCl pH 8.0, 20mM NaPO4 pH 6.8, 10mM β-Me and 0.01% NP40) 

and boiled with 10μl of 3xSDS buffer for 5 minutes. The elutes were resolved in 10% 

SDS-PAGE, and Western blotting analysis was performed using anti-FLAG HRP antibody. 

(Sigma, A8592). 
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Table 3.1 Plasmid List   

Plasmid  Backbone  Description Source 

pWY001/A pBL196 pRET-GST-Set2 (BamHI/XhoI) this study 

pWY128 pBL869 pRET-GST-Set2-SRI (BamHI/NotI) this study 

pWY139 pBL869 pRET-GST-Set2-477C (BamHI/NotI) this study 

pWY141 pBL869 pRET-GST-Set2-262C (BamHI/NotI) this study 

pWY005 pBL532 pBP-HFT-Set2 this study 

pWY037 pBL532 pBP-HFT-Set2 1-261  this study 

pWY061 pBL532 pBP-HFT-Set2 SET-G5-SRI TEV (Δ262-618) this study 

pWY105 pBL532 pBP-HFT-Set2 ΔB (Δ303-338) this study 

pWY043 pBL855 pYIA-CTD-fusion-Set2 (KpnI/SnaBI) this study 

pWY044 pBL855 pYIA-CTD-fusion-Set2 1-618 (KpnI/SnaBI) this study 

pWY045 pBL855 pYIA-CTD-fusion-Set2 1-261 (KpnI/SnaBI) this study 

pWY046 pBL855 pYIA-CTD-fusion(KpnI/SnaBI) this study 

pBL766 pBluescript (I) KS pBSKO-NgoM4-Bts1-2-3 Li Lab 

pBL767 pBL766 pBSaK-C1 Li Lab 

pBL768 pBL766 pBSaK-C2 Li Lab 

pBL769 pBL766 pBSaK-C3 Li Lab 

pBL770 pBL766 pBSaK-C4 Li Lab 

pBL787 pBL768 pBSaK-C2-S25A-7CTD Li Lab 

pWY227 pBL767 pBSaK-C1-4WT this study 

pWY228 pBL767 pBSaK-C1-3WT this study 

pWY229 pBL767 pBSaK-C1-2WT this study 

pWY230 pBL767 pBSaK-C1-1WT this study 

pBL773 pBL766 pBSaK-Rpb1-KSn-Linker Li Lab 

pBL791 pBL773 pKSn-WWWW Li Lab 

pBL858 pBL773 pKSn-1111 Li Lab 

pBL860 pBL773 pKSn-W111 Li Lab 

pWY231 pBL773 pKSn-C1-4WT this study 

pWY232 pBL773 pKSn-C1-3WT this study 

pWY233 pBL773 pKSn-C1-2WT this study 

pWY234 pBL773 pKSn-C1-1WT this study 

pBL942  pRET-GST-KSn (KpnI-SmaI-SnaBI)  Li Lab 

PHC033 pBL942 pRET-GST-CTD-WWWW this study 

PHC031 pBL942 pRET-GST-CTD-WT this study 

pWY097 pBL942 pRET-GST CTD-W111 this study 

pBL946 pBL942 pRET-GST-KSn-1111 this study 

pWY223 pBL942 pRET-GST-CTD C1-4WT this study 

pWY224 pBL942 pRET-GST-CTD C1-3WT this study 
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pWY225 pBL942 pRET-GST-CTD C1-2WT this study 

pWY226 pBL942 pRET-GST-CTD C1-1WT this study 

pHC210 pBL869 pRET-GST-Eaf3 1-220 Li Lab 

pWY092 pBL532 pBP-HFT-Ctk1     Li Lab 

pWY093 pBL541 pBP-Ctk2              Li Lab 

pWY094 pBL541 pBP-Ctk3             Li Lab 

pWY095 pBL532 pBP-HFT-Bur2     Li Lab 

pWY096 pBL541 pBP-Bur1                Li Lab 

pBL541  pBacPAK8 Li Lab 

pBL532  pBacPAK-8-N-HisFlag-TEVsite Li Lab 

pBL630 pBS-201 pBS-196L-1X Li Lab 
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Table 3.2 Strain List 

Name Parental 

strain 

Genotype Source 

YYW037 PH499 MATa  ura3-52 lys2-801 ade2-101  his3-Δ200  leu2-Δ1 

Set2-C-TAP::TRP1 

Li Lab 

YYW040 BY4742 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 Set2 1-618-C-TAP::URA3 this study 

YBL360 BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Rpb9-TAP::HIS3 Li Lab 

YYW114 YYW120 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 

+pWY046(pYIA CTD-fusionKpnI/SnaBI Leu2) 

this study 

YYW115 YYW120 MATalpha hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 +pWY045(pYIA 

CTD-fusion-SetT2 1-261KpnI/SnaBI Leu2) 

this study 

YYW117 YYW121 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 

ΔSET2::HPH+pWY046(pYIA CTD-fusion KpnI/SnaBI Leu2)  

this study 

YYW118 YYW121 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 

ΔSET2::HPH+pWY045(pYIA CTD-fusion-Set2 1-261KpnI/SnaBI Leu2)  

this study 

YYW120 Z26 MATalpha hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 +pRP112 

(RPB1 CEN URA3) 

this study 

YYW121 YYW120 MATalpha hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3ΔSET2::HPH +  

pRP112 (RPB1 CEN URA3 )  

this study 

YYW123 YYW120 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 

+pWY044(pYIA CTD-fusion-Set2 1-618 KpnI/SnaBI Leu2) 

this study 

YYW124 YYW120 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 

+pWY043(pYIA CTD-fusion-Set2 KpnI/SnaBI Leu2) 

this study 

YYW125 YYW121 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 

ΔSET2::HPH+pWY044(pYIA CTD-fusion-Set2 1-618 KpnI/SnaBI 

Leu2)  

this study 

YYW126 YYW121 MATalpha  hisΔ200 ura3-52 leu2-3,112 rpb1Δ187:: HIS3 

ΔSET2::HPH+pWY043(pYIA CTD-fusion-Set2 KpnI/SnaBI Leu2)  

this study 

YYW122 CKY283 MATa ura3-52 his3∆200 leu2∆1 or ∆0 trp1∆63 met15∆0 lys2-128∂ 

gal10∆56 rpb1∆::CLONATMX Rpb3-TAP::KlacTRP1+pRP112 (RPB1 

CEN URA3) 

this study 

YYW138 YYW122 MATa ura3-52 his3∆200 leu2∆1 or ∆0 trp1∆63 met15∆0 lys2-128∂ 

gal10∆56 rpb1∆::CLONATMX Rpb3-TAP::KlacTRP1+pWY043 (pYIA 

CTD-fusion-Set2 KpnI/SnaBI Leu2) 

this study 
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Chapter 4 THE SPECIFIC STATES OF H3K36 METHYLATION 

REGULATES DIFFERENT CHROMATIN FUNCTIONS 

 

 

Abstract  

Posttranslational modifications (PTMs) of histones, such as acetylation, methylation, 

phosphorylation, and ubiquitylation play important roles in regulating chromatin functions. 

Mono-, di- or tri- methylation of lysine residues further increases the complicity of histone PTM 

signaling. The F/Y switch of histone methyltransferases has been shown to control catalysis and 

products specificities. To characterize the methyl-state specific functions of H3K36me, we 

generated two F/Y switch mutants. The Y149F mutant only confers K36me3 but no K36me1 and 

K36me2, whereas the F234Y mutant can only methylate up to the state of K36me2 both in vitro 

and in vivo. These two mutations cause distinct genetic interactions with histone chaperone 

Spt16 and the CTD proline isomerase Ess1, suggesting that they play different roles during 

transcription. Moreover, we found that H3K36me2 but not K36me3 was required for the 

non-homologous end joining DNA repair pathway. Collectively, our results demonstrate that 

different states of H3K36me have distinct signaling functions in cells. 
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Introduction  

H3K36 methyltransferases in yeast and higher eukaryotes 

Most histone methyltransferases that have been identified so far contain a conserved catalytic 

SET domain except the Dot1 family which specifically methylates H3K79 (Feng et al., 2002; 

van Leeuwen et al., 2002). In yeast, Set2 is the only methyltransferase performing all three 

methylation reactions at H3K36 (Strahl et al., 2002), while in higher eukaryotes, multiple H3K36 

methyltransferase have been discovered and each has its own product specificities. For instance, 

Setd2/Hypb, the ortholog of yeast Set2, is thought to be the only H3K36 tri-methylase (Edmunds 

et al., 2008; Yuan et al., 2009) suggesting the unique function of H3K36me3. Meanwhile Nuclear 

receptor SET Domain-containing (NSD) family members (NSD1/2/3) have been found as 

H3K36 mono-and di- methyltransferases both in vivo and in vitro (Kuo et al., 2011; Li et al., 

2009b; Rayasam et al., 2003; Yang et al., 2008). Moreover, other H3K36 methytransferases are 

also identified with similar product specificities including ASH1L (An et al., 2011; Gregory et al., 

2007), SMYD2 ((Abu-Farha et al., 2008; Brown et al., 2006), SETMAR (Fnu et al., 2011; Lee et 

al., 2005) and SETD3 (Eom et al., 2011). Collectively it suggests that different state of 

methylation may have different functions in cells. 

Yeast Set2 and its orthologs human Setd2/Hypb and fly Hypb share highly conserved amino 

acid sequences and functional domains including the catalytic SET domain (Sun 2005), 

C-terminal Set2-Rpb1 interacting domain (SRI) and WW domain.SRI directly bind to 

phosphorylated RNA Pol II and help Set2 travel with elongation polymerase, (Bell et al., 2007; 

Kizer et al., 2005; Sun et al., 2005) while WW domain has been shown to bind human 

Huntington protein Htt (Gao et al., 2014). H3K36 methyltransferase Set2, Set2/Hypb, NSD 

family members and ASH1 are classified in the same family of SET containing methyltransferase 

because of the highly conserved amino acid sequence in SET domain (Dillon et al., 2005). The 

SET domain contains a series of β strands which are packed together with pre-SET (N -SET) and 

post-SET (C-SET) regions and fold into three discrete sheets that surrounding a knot like 

structure (Taylor et al., 2003). This unusual “pseudo-knot” is formed by threading the C-terminal 
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segment of the SET domain through a short loop of preceding stretch of the sequence. A narrow 

hydrophobic channel that links the substrate lysine or methylated lysine and cofactor product 

SAH has been observed in all known SET domain complex structures (Qian et al., 2006; 

Southall et al., 2009; Xiao et al., 2005; Xiao et al., 2003a; Zhang et al., 2003): The cofactor 

AdoMet and substrate bind to distinct clefts on the opposite surfaces of the SET domain, while 

methylated lysine is buried in the channel at the enzyme active site formed by several conserved 

hydrophobic residues (Qian and Zhou, 2006). 

 

Product specificities of histone methyltransferases 

The lysines within histone can be methylated to three degrees (Mono-, di- and tri- methyl 

states). By comparing amino acid sequences between methyltransferases, a likely explanation for 

different product specificities was proposed that some residues in the lysine binding channel 

sterically exclude the target lysine side chain with methyl group(s)(Zhang et al., 2003).  

There are two highly conserved motifs in the SET catalytic center: ELx(F/Y)DY and 

NHS/CxxPN which help to form an active site next to the methyl donor binding pocket and 

substrate peptide binding cleft (Qian and Zhou, 2006). The F/Y switch model within conserved 

ELx(F/Y)DY motif was first proposed by comparing the residues surrounding the target lysine in 

the structure of DIM-5 (a H3K9tri-methyltransferase) to those of SET7/9 ( a H3K4 

mono-methyltransferase) (Zhang et al., 2003). Mutation of Phe of DIM-5 or human G9a to Tyr 

converts these two enzymes from tri- to mono- or di-methyltransferase (Collins et al., 2005). 

Likewise, switching the conserved Tyr to Phe alters product specificity of SET7/9 from mono- to 

di- /tri-methyl (Del Rizzo et al., 2010). It also has been shown in Set8, removing the hydroxyl 

group on Tyr in catalytic core stimulates tri-methyltransferase activity (Collins et al., 2005) 

because this alternation enlarges the diameter of the active site, accommodating the increasing 

size of the methylated ε-amino group during methyl transfer reactions (Couture et al., 2008; Del 

Rizzo et al., 2010). In addition, yeast Set1 mutant Y1502F increased Set1 tri-methylase activity 

(Takahashi 2009) and Y334F mutant changes Set8 product specificity from a H4K20 
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mono-methyltransferase to a di-methyltransferase. (Couture et al., 2008). Collectively, these 

results shed lights on the mechanism of how SET domain governs the product specificities.   

 

Functions of state-specific methylation.  

The combinatorial nature of histone amino-terminal modification reveals a “histone code” 

(Jenuwein and Allis, 2001).Each methylated lysine residue can exist in a mono-, di-, or 

tri-methylated state, further extending the complicity of this modification profile (Zhang et al., 

2012c). Up to date, there are a handful of examples of how state specific methylation of a certain 

residue regulates distinct cellular processes. 

H3K4me1 and H3K4me3: H3K4me1 and H3K4me3 have been found to have different roles in 

transcription. In yeast, H3K4 methylation is catalyzed by a single methyltransferase Set1/ 

COMPASS, which performs all states of H3K4 methylation (Ruthenburg et al., 2007). In higher 

organism, Drosophila possesses three and humans six COMPASS family members, each have 

non-redundant functions (Shilatifard, 2012). H3K4me3 is detected primarily at the TSS to help 

pre-initiation complex assembly (Vermeulen et al., 2007; Wysocka et al., 2006). In contrast 

H3K4me1 works in concert with acetylated H3K27 (H3K27ac) to mark active enhancers (Bonn 

et al., 2012; Creyghton et al., 2010; Zentner et al., 2011). 

H3K9me2 and H3K9me3: Different H3K39methylation states are mediated by distinct enzymes 

and are shown to have different functions. Methylation of H3K9 in humans requires the Suv39 

family as well as the non-Suv39 enzymes PRDM2 and ASH1L (Volkel and Angrand, 2007). G9a 

and GLP are H3K9 mono- and di-methyltransferases, while Suv39h is the di- and tri- 

methyltransferase. Methylated H3K9 is a mark for repressive heterochromatin. It has been shown 

that mouse Suv39h specifically H3K9me3 at pericentric heterochromatin region (Lachner et al., 

2003). Meanwhile in proliferating cells, the repressive signal appears to be primarily 

G9amediated H3-K9 di-methylation (Tachibana et al., 2002).  

H4K20me1/2 and H4K20me3: H4K20 methylation is a well studied histone mark with separate 

functions of different methyl states. H4K20me1 is mediated by SET8/PR-Set7 (Fang et al., 2002; 
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Nishioka et al., 2002), whereas SUV4-20H1 and SUV4-20H2 enzymes produce H4K20me2 and 

H4K20me3 (Schotta et al., 2004; Schotta et al., 2008). Different H4K20me states have distinct 

biological functions (Jorgensen et al., 2013): H4K20me1 and H4K20me2 are recognized by 

53BP1 to be involved in replication (Tardat et al., 2007; Wu et al., 2010) and DNA damage repair 

(Botuyan et al., 2006; Sanders et al., 2004) while H4K20me3 marks has been shown to be 

recognized by L3MBTL1for heterochromatic region silencing (Gonzalo et al., 2005; Regha et al., 

2007; Schotta et al., 2004). 

H3K79me2 and H3K79me3: Dot1 in yeast is the sole H3K79 methyltransferase capable of 

catalyzing all three methyl-states in a non-processive manner (Frederiks et al., 2008). Different 

H3K79 methylation states also have different functions (Nguyen and Zhang, 2011). For example, 

in yeast, only H3K79me2 fluctuates with the cell cycle, whereas H3K79me3 levels remain 

constant (Schulze et al., 2009). Additionally, H3K79me2 and H3K79me3 were found to occur in 

different regions of the chromosomes in oocytes and enriched in different stage of early fly 

embryogenesis (Ooga et al., 2008). 

H3K36me2 and H3K36me3: Multiple Set2 family members existing in human (Wagner and 

Carpenter, 2012) suggest the dissected roles of this methylation mark however the detailed 

mechanism is not known. H3K36me3 is catalyzed exclusively by Set2 ortholog Setd2/Hypb 

(Edmunds et al., 2008) while NSD family members have been found to confer H3K36 mono-and 

di- methylation states (Kuo et al., 2011; Li et al., 2009b; Rayasam et al., 2003; Yang et al., 2008). 

In human, defects of each methylated states cause different phenotype and diseases in human 

(Wagner and Carpenter, 2012) suggesting they may signal for different pathways. Moreover, 

H3K36me2 but not H3K36me3 has been shown to be the signaling mark during DNA damage 

response (Fnu et al., 2011; Jha and Strahl, 2014).In yeast, H3K36me2 has been shown to be less 

correlated with transcription frequency than H3K36me3 (Rao et al., 2005). Interestingly, 

H3K36me2 is sufficient for Set2/Rpd3S pathway to repress the initiation of intragenic cryptic 

promoters (Li et al., 2009a) suggesting H3K36me3 may have non-redundant function.  

Here, we aimed to dissect the functions of H3K36me3 and lower methyl-states. By 
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manipulating the F/Y switch within the catalytic domain of Set2, we generated two mutants that 

confer different methyl-states at H3K36 both in intro and in vivo. We also demonstrated that 

these two mutants displayed distinct physiological defects in the context of transcription. Lastly, 

we showed that DNA repair pathway requires different states of K36me as well.  

Results 

Mutations at the catalytic sites of Set2 alter the specificity of Set2-mediated H3K36 

methylation in vivo 

It has been shown that in yeast H3K36me2 is sufficient for Set2-Rpd3S pathway suggesting 

the possible non-redundant function of H3K36me3 (Li et al., 2009a), however the state-specific 

function of H3K36me3 is unclear. To date mutants of other factors have been found to give 

certain state-specific methylation of H3K36.For instance, deletion of Paf1 complex subunit Paf1 

or Cdc73 causes only loss of H3K36me3 (Chu et al., 2007). However these factors are also 

found to be involved in multiple pathways (e.g. histone ubiquitylation) therefore it is still hard to 

pinpoint the exact roles of state-specific H3K36methylation. We decided to take advantage of 

F/Y switch mechanism by mutating Set2 catalytic core to control its product specificity. Since 

“F/Y switch” has been identified in some methyltransferase to direct products specificity (Trievel 

et al., 2002), we searched for similar module in yeast Set2 (ySet2) by aligning the amino acid 

sequence of Saccharomyces cerevisiae Set2 to those of human Hypb/Setd2 and Drosophila Hypb 

(Bell et al., 2007; Sun et al., 2005). As shown in Fig 4.1 A, yeast Set2 shared significant 

sequence homology with its higher organism orthologs in both SET domain and the co-factor 

binding site. Notably, three highly conserved aromatic Y149, F234, and Y236 residues were 

identified in catalytic center. We modeled the aligned yeast SET domain residues based on 

human Setd2 SET domain structure (Zheng et al., 2012) (Fig 4.1 B). It shows that Y149, F234, 

and Y236 are all reside along a narrow channel which is considered as catalytic core. The 

degraded co-factor OUM localizes at the opposite site of this channel. Y236 sits right next to 

OUM and is proposed to be co-factor AdoMet and substrate lysine binding residue (Dillon et al., 
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2005). To assess the potential roles of these aromatic residues in controlling product methyl-state 

specificity we decided to mutate Y149 (Me state residue) and F234 (F/Y switch residue). The 

reason we did not make any alternation on Y236 is that based on the model it coordinates with 

the co-factor binding and we predicted the mutation of this residue would cause the failure of 

catalysis.  

We first tested the bulk levels of H3K36me2 and H3K36me3 in the Y149 and F234 mutants. 

Using PCR-based mutagenesis, we mutated Y149 to Ala, Asn, Phe and Ser and F234 to Tyr. 

These mutants were expressed in SET2 null yeast strains under control of moderately 

over-expressed ADH1 promoter. Mutations of Y149 to Phe, Ala or Asn all caused complete loss 

of H3K36me2. Intriguingly, Y149F retained wild type level of H3K36me3 (Fig 4.2 A) while 

Y149A and Y149N had comprise H3K36me3 suggesting that the benzene ring at Y149 site is 

required for catalysis. Y149S led to loss of both H3K36me2 and H3K36me3, indicating 

positively charged residue was toxic for the catalysis. On the other hand, F234Y mutant have 

H3K36me2 comparable to WT but abrogated H3K36me3. Remarkably, our study identified two 

H3K36me state specific mutants and we defined Y149F mutant as H3K36me3 only mutant while 

F234Y as H3K36me3 defect mutant. 

We then tried to investigate whether the auto-inhibitory Set2 middle domain (see Fig 2.5 E) 

can cross-talk with catalytic core residues to regulate states of H3K36me. To this end, bulk 

histone H3K36me levels were checked in cells with combined F/Y switch mutations with the 

AID B region deletion (∆303-338 a.a.). As shown in Fig 4.2A, combining B region deletion of 

AID with Y149A or Y149N mutation caused complete loss of H3K36me2/3, suggesting 

disruption of AID may also affected the conformation of catalytic center. This phenomenon was 

interesting because we showed before deletion of B region of Set2 caused this mutant even more 

active than WT Set2 (Fig 2.7 C).Moreover, deletion of B region had no effect on F234Y 

suggesting there is no cross-talk between B region and F234 residue.  

We also express these two mutants in WT yeast with the presence of endogenous Set2. At 

presence of WT Set2, expression of Y149F still caused total loss of H3K36me2 while F234Y 
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significantly reduced H3K36me3. This may due to that moderate over-expression of ADH1 

promoter driven Set2 mutants competed with the endogenous WT Set2 (Mumberg et al., 1995). 

For instance, Y149F, H3K36me3 only mutant, would convert all naturally existing H3K36me1/2 

into H3K36me3. On the other hand, F234Y, the H3K36me3 defect mutant, would compete with 

endogenous WT Set2 for elongating Pol II occupancy and abrogate H3K36me3. 

 

Set2 catalytic pocket mutants show intrinsic state-specificities of H3K36 methylation in 

vitro. 

We next want to check the biochemical properties of these mutant Set2. Recombinant Y149F 

and F234Y Set2 mutants were purified from insect cells and subjected to HMT assays using 

reconstituted nucleosomes. The results showed that Y149A, Y149N, and Y149F mutants 

produced only H3K36me3, whereas F234Y yielded the minimal H3K36me3 and normal level of 

K36me2 and K36me1(Fig 4.3 A). This result is consistent with the bulk levels of H3K36me 

detected in vivo. Although the steady state levels of H3K36me3 and H3K36 me2 produced by 

Y149F or F234Y, respectively, were similar to WT levels (Fig 4.2 A), we were interested in 

whether the enzyme kinetics of these two mutants were altered. To this end, we plot the 

enzymatic activity to the concentration of Set2 in HMT assays. H3K36 state-specific antibodies 

were used to measure the progression of each methyl state of H3K36. As result shown, the 

mutant enzymes have different enzymatic kinetics compared to WT (Fig 4.3 B). WT Set2 shows 

both features of processive and distributive enzyme. Because from the lowest concentration, 

almost all the products directly end up with H3K6me2 but not H3K36me1 indicating this 

enzyme stays on the substrate until completion of di-methylation (processivity). Then with the 

increased WT Set2 concentration, H3K36me3 and H3K36me2 are both accumulated suggesting 

under these conditions the enzyme displays the feature of distributive enzyme in which the 

co-factor exchange concurs with the dissociation of enzyme from the substrate (Frederiks et al., 

2008). Meanwhile F234Y acts solely like a distributive enzyme which produces H3K36me1 and 

H3K36me2 proportionally as concentration increases. By contrast, Y234F mutant displayed the 
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characteristics of a pure processive enzyme because only H3K36me3 was accumulated. 

Moreover, the HMT assay using 
3
H labeled co-factor SAM shows the total methyl-group 

incorporation rates are also different between WT and mutant enzymes (Fig 4.3C). F234Y 

showed significantly elevated reaction rate than WT. However, Y149F has much lower reaction 

rate compared with WT. In summary, our results suggest that aromatic residues Y149 and F234 

in the catalytic core module of SET domain largely control the accommodation of methylated 

lysine during catalysis. Besides altering the product specificities, the point mutation of F149 or 

Y234 also results in significant changes of enzyme kinetics.  

 

Set2 Y149F (me3 only) and F234Y (me3 deficient) mutants do not alter their p-Pol II 

binding properties. 

To investigate whether the changes of H3K36me in Y149F or F234Y mutants were due to 

abnormal recruitment of Set2 to p-CTD, we performed in vitro p-CTD peptide pull-down assays 

of both mutants. Set2/p-CTD interaction has been shown to correlate the Set2 stability and 

H3K36 methylation levels in cells (Fuchs et al., 2012). However, this was not likely the case for 

Y149F or F234Y mutants because the di- or tri- methylation levels they produced, respectively, 

were comparable to that of WT. Indeed, we showed that recombinant Y149F or F234Y had 

comparable p-CTD binding abilities to WT Set2 (Fig 4.4). Therefore, unlike SRI domain deletion 

(Chu et al., 2007; Fuchs et al., 2012), our H3K36me state specific mutants may have normal 

H3K36me distribution patterns because they still interact with elongating Pol II. 

 

Set2 catalytic pocket mutants show cryptic transcription phenotype.  

Previous discovery showed that H3K36 2/3 recruited Rpd3S deacetylation complex onto the 

transcribed genes to suppress the initiation of cryptic promoters (Carrozza et al., 2005b; Li et al., 

2007b). And it was also found H3K36me2 is sufficient for this pathway (Li et al., 2009a). A 

handful of studies also tried to dissect the contribution of individual H3K36 methylation state in 
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this pathway. However, those studies mainly focus H3K36me2 due to the lack of mutant with 

only H3K36me3. To check the contribution of individual H3K36 methylation state in 

Set2/Rpd3S pathway, we checked the cryptic transcription phenotype on the STE11 gene in 

Y149F or F234Y mutants using northern blotting. Surprisingly, we observed that the catalytic 

core mutants all displayed cryptic transcription phenotype at 3’ end of STE11 (Fig 4.5 A). To 

confirm this result, we also tested this phenotype in a more sensitive reporter system. In this 

STE11-HIS3 reporter system, HIS3 gene was integrated at the downstream of the STE11 cryptic 

promoter. The HIS3 coding sequence was inserted out-of-frame with respect to the STE11 coding 

sequence. The functional HIS3 mRNA can only be made when transcription is initiated at the 

cryptic start site where the ATG of HIS3 will be used for translation. This will result in viable 

cells on synthetic media lacking histidine (Fig 4.5 B). Plasmid-borne Set2 WT, Y149F, and 

F234Y were expressed in either WT or ∆SET2 background. Consisted with Northern blotting, 

both Y149F and F234Y fail to suppress the cryptic transcription of STE11 in ∆SET2 background 

and caused growth on SD-His plates (Fig 4.5 C). Notably, the H3K36me3 defective F234Y had a 

more severe phenotype than H3K36me3 only Y149F mutant (Fig 4.5 C). In the presence of WT 

Set2, phenotype of F234Y was alleviated while that of Y149F completely rescued (Fig 4.5 C). In 

conclusion, using two independent systems, we showed that both mutants are not sufficient to 

suppress cryptic transcription at STE11.  

 

Set2 state-specific mutants display different synthetic phenotypes with histone chaperone 

yFACT mutant. 

To test if these two mutants display other distinct functions, we looked into the known 

genetic interactions of Set2 with other transcription related mutants. It has been shown that the 

growth defect of yeast histone chaperone yFACT subunit mutant spt16-11can be rescued by 

deletion of SET2 (Biswas et al., 2006). Therefore, we tested whether Y149F or F234Y behave 

differently in histone chaperone pathway using ectopic expressed mutants. Consistent with 

previous observation, ∆SET2 rescued the growth defect of spt16-11 at semi-permissive 
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temperature (35
o
C) while FL Set2 made spt16-11 sicker under same condition (Fig4.6 A). 

H3K36me3 defective F234Y mutant functioned similarly to FL Set2, meaning H3K36me1/2 was 

enough for maintain Set2’s role in yFACT pathway (Fig4.6 A). To our surprise, H3K36me3 only 

Y149F mutant suppressed the growth of spt16-11 even stronger than FL Set2. This may indicate 

that the dynamic and balance between H3K36me1/2 and H3K36me3 are important for this 

pathway. 

We then examined whether the defects caused by Y149F or F234Y depend on the Rpd3S 

pathway. To this end, we deleted RCO1, an essential gene in Set2/Rpd3S pathway (Carrozza et 

al., 2005a), in the above mutant background. Previous studies show that deletion of RCO1 rescue 

the growth defect of spt16-11 (Biswas et al., 2008a). Our growth assays showed that deletion of 

RCO1 rescued the synergistic growth defects between spt16-11 and all Set2 constructs tested 

(Fig 4.6 B). The fact that deletion of RCO1 can bypass H3K36me3 only Y149F mutant 

suggested that Y149F caused gain-of-function defects that work through the Rpd3S pathway. 

 

Set2 state-specific mutants display different synthetic phenotypes with prolyl-isomerase 

Ess1 mutant. 

We next tested another known genetic interaction of Set2. Ess1 is one of Peptidyl-prolyl 

isomerases (PPIases) in yeast which targets RNA Pol II CTD phospho-Ser5 to control Ser5-Pro6 

bond cis-trans peptide isomerization (Hanes et al., 1989; Hani et al., 1995). Previous study 

shows that deletion of SET2 rescues the growth defect of ess1
H164R

 mutant at non-permissive 

temperature (Ma et al., 2012), suggesting genetic interaction between them. To test whether 

Y149F or F234Y has synthetic effect with Pol II prolyl-isomerase Ess1, growth assays under 

semi-permissive temperature were perform in WT, Y149F or F234Y mutants with 

ess1
H164R

/∆SET2 background. Consistent with published data, deletion of SET2 significantly 

rescued the growth defect of ess1
H164R

 while expressing WT Set2 suppressed the growth (Fig3.7). 

Notably, Y149F (H3K36me3 only) also suppressed the growth like WT Set2. In contrast, F234Y 

(H3K36me3 defect) behaved like empty vector. Therefore, similar with the studies on yFACT 
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pathway, distinct H3K36me states seeme to cause different phenotype. However, Y149F which 

confers onlyH3K36me3 acts like WT while F234Y which defects on H3K36me3 abolishes Set2 

function in this pathway. 

  

DNA Double-strand break repair requires specific states of H3K36me. 

Recent studies in yeast suggest that H3K36 methylation also plays roles in checkpoint 

activation and DNA double-strand break repair (Jha and Strahl, 2014; Pai et al., 2014).Therefore 

we wanted to test if these two mutants cause differential defects in DNA double-strand break 

repair. We used plasmid re-ligation assay to measure the repair efficiencies of linearized pRS415 

plasmids by HindIII digestion of WT and mutant Set2 (Fig 4.8 A). In our system, linearized 

pRS415 plasmids were transformed into cells with either WT or Y149F or F234Y mutant cells. 

Repair efficiency was calculated by the rate of transformants produced by either linearized or 

circular plasmid (Fig 4.8 C). Deletion of SET2 increased the repair rate compared to WT (Fig 4.8 

D), which is consistent with published data (Fnu et al., 2011). Interestingly, H3K36me3 defect 

mutant F234Y showed wild type level of repair efficiency while H3K36me3 only mutantY149F 

displayed elevated plasmid repair rate similar to SET2 deletion. Our data suggests that cells 

utilize H3K36me1/2 for NHEJ repair and excess H3K36me3 may interfere with this pathway. 
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Discussion 

In this study, we discovered the conserved F/Y switch residues in yeast Set2 SET domain by 

structural prediction based on the sequence homology and structure modeling on known human 

Setd2/Hypb SET domain. Taking away hydroxyl group from conserved Tyr in catalytic core 

enlarges the diameter of the active site, accommodating the increasing size of the methylated 

ε-amino group during successive methyl transfer reactions (Couture et al., 2008; Del Rizzo et al., 

2010). Thus the Tyrosine hydroxyl group is considered to generate steric hindrance to restrict 

multi-round methyl-transferring catalysis (Collins et al., 2005). And this mechanism is conserved 

in yeast Set2 to control product specificity.  

We found that Y149F mutant displays only tri-methyltransferase activity with highly 

compromised reaction rate (Fig 4.3 B, C) suggesting H3K36me3 is the rate limiting step of the 

entire methylation reaction. And this feature may be important for the timing issue of H3K36me3 

related signaling pathways. Similar result was seen by other group showing in SET7/9 Y245A 

convert the WT enzyme to a tri-methyltransferase with weak mono-methyltransferase activity 

(Xiao et al., 2003a).The later study showed that the turnover number of this mutant for 

un-methylated peptide substrate was diminished over 10 folds versus methylated substrates and 

reduced over 30 folds versus the WT enzyme. This suggests the potential mechanism of reaction 

rate reduction in tri-methyltransferase mutant (Del Rizzo et al., 2010).  

By using Set2 catalytic core mutants which bear minimal alternation on enzyme and no 

genetic background change, we have shown that either H3K36me3 or H3K36 me2 alone is not 

sufficient to suppress cryptic transcription at STE11 in two independent systems. Our 

STE11-HIS3 reporter system further suggests that the H3K36me3 and H3K36me2 cooperatively 

function in Set2-Rpd3S pathway and H3K36me3 contributes more than H3K36me2.  

Utilizing these methyl-state specific mutants, distinct phenotypes between Y149F and F234Y 

were observed in several pathways including histone chaperone (Figure 4.6), CTD proline 

isomerization (Figure 4.7), and double-stand DNA damage repair (Figure 4.8). Due to the 

complexity of these pathways, we speculate: 1. Altered enzyme kinetics may be involved in the 
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phenotypes of cryptic transcription suppression in Y149F and F234Y mutants (Fig4.3 C). 2. 

Different methylation states may affect histone exchange which affected the cryptic transcription 

repression (Smolle et al., 2012; Venkatesh et al., 2012). It also helps explain the synthetic growth 

phenotypes of Y149F and F234Y mutants combined with histone chaperone Spt16. 3.The 

double-strand DNA damage assay indicated that H3K36me2 but not H3K36me3 is the mark to 

signal for repair which is in agreement with what found in both yeast and human (Fnu et al., 

2011; Jha and Strahl, 2014).  

The signal of histone modifications are recognized by specific downstream readers (Yun et al., 

2011) . And we believed that state-specific methylation may be read by different downstream 

factors. It has been shown that chromo and PWWP domains containing proteins recognize 

H3K36 methylation (Yun et al., 2011). For example, DNA damage repair factor 53BP1 and its 

homolog in fission yeast Crb2 specifically recognize H4K20me2 by tandem tudor domains but 

do not bind H4K20me3 (Botuyan et al., 2006). Among H3K36 methylation binding factors, 

DNMT3A and MSH-6 are shown to specifically recognize H3K36me3 rather than other H3K36 

methylation marks, rendering possibility that these factors can potentially mediate state-specific 

function of methylated H3K36 (Dhayalan et al., 2010; Li et al., 2013). We believe that more and 

more factors that have methyl-state preferences binding for H3K36 or other histone methylation 

marks will be discovered and studying their function may help us understand how histone codes 

are recognized by readers to reach distinct functional outputs. 
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Figure 4.1 Set2 contains conserved residues that are predicted to control state-specificity. (A) 

Sequence alignment of the SET domains of Drosophila melanogaster Hypb, human Hypb/Setd2, 

and Saccharomyces cerevisiae Set2. The residues of SET domain, post SET loop and post SET 

domain are marked in blue, orange, and yellow boxes respectively. The co-factor (AdoMet) 

binding sites are indicated by black arrows and lines. Key residues within catalytic pocket which 

control methylation state (Me state), Phe/Tyr switch (F/Y switch) and catalysis (Catalysis/Lys) 

were indicated in green, orange, and red respectively. The residues that were predicted as 

consensus helix motif were highlighted in red and indicated using letter “h” while residues 

predicted as extended strands were highlighted in blue using letter “e”. (B) The structure model 

of ySet2 SET domain were constructed based on human SetD2 SET domain (PDB 4FMU) using 

Swiss-modelling. The three key aromatic residues in the catalytic pocket were highlighted also in 

red, yellow and green as shown in (A). The degraded product of co-factor SAM (OUM) and two 

zinc atoms in the crystal were shown as colorful sticks, green or purple spheres, respectively. 
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Figure 4.2 Mutations at the catalytic sites of Set2 alter Set2-mediated H3K36 methylation in 

vivo. (A) Western blotting analysis of H3K36 methylation states on bulk histones from cells 

expressing Set2 catalytic pocket mutants. Indicated antibodies were applied to detect specific 

methylation states. Plasmids carrying only FLAG-adaptor sequence (pWY084), the ORFs of 

wild type SET2 (pWY088) or variants: Y149A (pWY157), Y149N (pWY158), F234Y 

(pWY159), Y149S (pWY164), Y149F (pWY165), ΔB (Δ303-338)/Y149A (pWY161), ΔB 

(Δ303-338)/Y149N (pWY162), ΔB (Δ303-338)/F234Y (pWY163) were transformed in to SET2 

null yeast strain (YYW010). All of the yeast Set2 expressing vectors contain pRS416 backbones 

inserted with an oligo adaptor containing ADH1 promoter，1x FLAG tag sequence at 5’end, and 

CYC1 terminator at 3’end (pRS416 ADH1pro-Flag (pWY084)). Point mutations on catalytic 

pocket residues alone or combined with the deletion of B region in the Set2 middle domain 

(aa303-338) were introduced into the SET2 ORF. (B) Western blotting analysis showing Set2 

Y149F and F234Y mutants have distinct H3K36 methylation states, and over-expressed mutant 

proteins functionally compete with endogenous WT Set2. The asterisk indicates the 

cross-reaction of anti-H3K36me2 antibody. 
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Figure 4.3 Set2 catalytic pocket mutants show intrinsic state-specificities of H3K36 

methylation in vitro. (A) Western blotting analysis showing intrinsic H3K36 methylation 

state-specificities of Set2 catalytic pocket mutants on reconstituted nucleosomes. The In vitro 

Histone Methyltransferase Assays (HMT) were performed using equal amounts of F-Set2 

variants purified from insect cells, recombinant Xenopus nucleosomes, and co-factor S-Adenosyl 

methionine (SAM). The indicated antibodies were applied to detect individual H3K36 

methylation states. Ponceau S staining shows the loading of F-Set2 proteins and nucleosome 

substrates. The Hela LON nucleosomes were used as positive control for Western blotting assay. 

(B) Western blotting analysis showing altered enzyme dynamics of Y149F and F234Y mutants at 

each individual state of H3K36 methylation. HMT assay were performed using equal molar of 

F-Set2 variants recombinant, Xenopus nucleosomes and co-factor S-Adenosyl methionine 

(SAM). The reactions were subjected to Western blotting analysis with the indicated antibodies. 

Ponceau S staining shows the loading of F-Set2 proteins and nucleosome substrates. The Hela 

LON nucleosomes were used as positive control for Western blotting. (C) Standard HMT assays 

using 
3
H labeled SAM to show the different 

3
H incorporation rates between wild type Set2 and 

mutants. 
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Figure 4.4 Set2 Y149F (H3K36me3 only) and F234Y (H3K36me3 deficient) mutants do not 

alter their p-Pol II binding properties. CTD peptide pull-down experiments showing binding 

between Set2 variants and Pol II CTD peptide. In vitro pull-down assay was performed using 

recombinant FLAG-Set2 variants and biotinylated CTD peptides: unphosphorylated (CTD), 

phosphorylated on Ser5 (Ser5P) or Ser2 (Ser2P). Streptavidin-coated magnetic beads were used 

to pull down CTD peptide bound Set2 variants and Western blot analysis was performed using 

anti-FLAG antibody. 
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Figure 4.5 Set2 catalytic pocket mutants cause intragenic spurious transcription of STE11. (A) 

The Northern blot analysis of STE11 transcripts from SET2 null yeasts expressing plasmid-borne 

WT Set2 or catalytic pocket mutants using STE11-3’RNA probe labeled through in vitro 

transcription. Full length and two short transcripts of STE11 are indicated. (B) A diagram of 

cryptic transcription reporter strains in which HIS3 genes were integrated downstream of the 

STE11 cryptic promoter (STE11-HIS3). The integration sites were selected such that the HIS3 

gene is out of frame with relation to the STE11 coding region, and the functional His3 can only 

be produced when the HIS3 transcript initiates at the cryptic promoter of STE11(Ruan and Li, 

unpublished). This strategy was first developed by the Winston lab (Cheung et al., 2008). (C) 

The spotting assay showing the initiation of STE11 cryptic promoter by the growth on 

SC-Ura/SC-His plates. Indicated plasmid-borne WT Set2 or mutants were transformed into the 

reporter strains YCR376 (STE11-HIS3) and YCR377 (STE11-HIS3/∆SET2). The resulting strains 

were grown on SC-Ura
 
or SC-Ura/SC-His plates at 30

o
C for 2-5 days. 



 
 

118 
 

 

 

Figure 4.6 Set2 state-specific mutants display different synthetic phenotypes with histone 

chaperone yFACT mutant. (A) Set2 Y149F causes synthetic growth phenotype with spt16-11 

mutant at 35
o
C (semi-permissive temperature) while F234Y behaves like WT Set2. Either WT or 

catalytic pocket mutant plasmids were transformed into ∆SET2/spt16-11 yeast strain (YYW163). 

Transformants were grown at 26
o
C until saturation. 5-fold serial dilutions of each transformants 

(from OD 600=1.0) were then spotted on to SC-Ura plates and grown at 26
o
C (permissive 

temperature) and 35°C, respectively. Photographs of the plates were taken after 2-3 days. (B) 

Deletion of RCO1 rescues the synthetic growth defect between Set2 Y149F mutant and Spt16-11 

by bypassing the requirement of Set2. WT and catalytic pocket mutant plasmids were 

transformed into ∆SET2/spt16-11 (YYW163) or ∆RCO1/ ∆SET2/∆RCO1/ spt16-11 (YYW165) 

yeast strains respectively. Transformants were grown at 26
o
C until saturation. 5-fold serial 

dilutions of each transformants were then spotted onto SC-Ura plates and grown at 26
o
C and 

35°C. Photographs of the plates were taken after 2-3 days. 
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Figure 4.7 Set2 state-specific mutants display different synthetic phenotypes with RNA Pol II 

prolyl-isomerase Ess1 mutant. WT or catalytic pocket mutant plasmids were transformed into 

ess1-H64R/∆SET2 (YYW160) yeast strain. Transformants were grown at 26
o
C until saturation. 

5-fold serial dilutions of each transformants were then spotted onto SC-Ura plates and grown at 

26
o
C and 35°C. Photographs of the plates were taken after 2-3 days. 
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Figure 4.8 DNA Double-strand break repair requires specific states of H3K36me. 

(A) An experimental scheme of plasmid repairing assay to measure the repair efficiency of 

HidIII linearized pRS415 plasmid (LEU2) in ∆ SET2 yeasts (YYW 010) expressing different 

plasmid-borne Set2 mutants (URA3). Competent cells were transformed with 100ng of pRS415 

plasmid with/without HindIII digestion and spread onto uracil/leucine synthetic double drop-out 

plates. The colony numbers of both circular and linearized pRS415 transformants were counted. 

(B) Agarose gel showing the completion HindIII digestion and quantification of pRS415 plasmid. 

(C) The transformants with uncut or HindIII cut pRS415 plasmid growing on SC-Ura/SC-Leu 

double selection plates for 2 days. (D) The plasmid repair rates of each Set2 variant strains. The 

plasmid repair rate is represented by the percentage ratio of colony numbers between HindIII-cut 

and un-cut transformants.   
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Materials and Methods 

Construction of Plasmids and Yeast Strains: 

  The yeast expression plasmid harboring ADH1 promoter and CYC1 terminator sequences 

(pWY080, a gift from Dr. Brian Strahl) was modified by inserting a short DNA adaptor 

containing XbaI-ATG-FLAG-XhoI-SmaI-NotI-SalI sequences to form pRS416 ADH1pro-Flag 

vector (pWY084). The SET2 ORF was generated by the standard PCR reaction from genomic 

DNA. The resulting ORF fragments containing XhoI cutting site at 5’ and NotI site at 3’ site 

were cloned into pWY084 vector. SET2 point mutant plasmids were generated by PCR based 

Site-directed mutagenesis using QuikChange
TM

 Site-Directed Mutagenesis Kit (Stratagene). The 

PCR reaction for each mutagenesis was performed in a 50μl system containing 100 ng of WT 

Set2 (pBP-HFT-Set2, pWY088) or ∆B mutant (pBP-HFT-Set2 ΔB (Δ303-338), pWY105) 

plasmid DNA template, 5μl of 10x reaction buffer, 1μl of 10mM dNTP, 0.5μl of 20mM primers, 

and 1μl of PfuTurbo DNA polymerase (Stratagene). Each of 18 reaction cycles went through 95 

o
C for 30 seconds, 55

 o
C for 1 minute, and the 500bp/min extension (in this case 16 minutes) at 

68 
o
C. 10μl of total reaction was loaded onto 1% Agarose gel to check the PCR product and 25μl 

was taken for 1μl DpnI digestion (NEB) at 37
 o
C for 1 hour. Half of DpnI-treated products were 

transformed into 50μl of TOP 10 E coli. competent cells (Life technologies) by using standard 

transformation protocol. Each of the mutated plasmids was extracted by using Quick Plasmid 

Miniprep Kit (Invitrogen), and sequencing confirmed. To construct the FLAG-tagged WT Set2 

plasmid for the baculovirus system, the SET2 ORF was generated by standard PCR reaction from 

genomic DNA. The 5’ primer contains XhoI cutting site while the 3’ primer contains NotI site. 

The fragment was first sub-cloned into pCR™-Blunt vector (Life technologies) and then cloned 

into XhoI/NotI digested pBacPAK-HFT vector (pBacPAK-8-N-HisFlag-TEVsite, pBL532). For 

Set2 mutant plasmids, all the fragments were cut from yeast expression vectors by XhoI/ NotI 

and directly ligated into pBacPAK-HFT vector. 

   To make STE11-HIS3 reporter strain (YCR376), STE11 gene of BY4741 yeast was truncated 

at specific sites at 3’, which was known from the previous publication (Li et al. 2007). The 
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truncation was made by the replacement of STE11 1840-2153 with an I-SceI CORE cassette 

carrying URA3 and G418 marker (Storici F et al. 2001). The integrated CORE cassette was then 

popped-out by HIS3 gene fragment flanked by STE11 homologous sequences using 5-FOA 

counter selection strategy. To knock-out SET2 from STE11-HIS3 reporter strain (YCR377), the 

gene replacement cassette carrying hygromycin B selection marker flanked by SET2 homologous 

sequences was obtained by PCR reaction and transformed to replace SET2 gene.  

   The spt16-11(YYW162) and spt16-11/∆SET2 (YYW163) yeast strains were gifts from Dr. 

David Stillman and the ess1-H164R (YYW 157) was requested from Dr. Steven D Hanes. To 

make spt16-11/∆SET2/∆RCO1 (YYW165), spt16-11/∆RCO1 (YYW164), and ess1/∆SET2 

(YYW160) yeast strains, the gene replacement cassettes for RCO1 or SET2 were generated 

respectively by PCR amplification. The standard yeast transformation protocol was applied. 

Briefly, 2μg of purified DNA fragments were mixed with 50ul of yeast competent cell solution, 

5ul of sonicated salmon sperm DNA (10ug/ul invitrogen), and 300 ul of yeast plate 

solution(0.1M LiOAc,10mM Tris HCl pH 7.5, 1mM EDTA pH 8.0 and 40% PEG 3500). After 

30 minutes of incubation at RT and 15 minutes heat shock at 42 
o
 C, cells were spread onto 

selection media plates. For the antibiotic selection cassette (Hygromycin), heat shocked yeasts 

were re-suspended in 1ml YPAD liquid culture and incubated at RT for 6 hours before spreading. 

Colony PCR was performed to screen the positive colonies using specific primer pairs. 

 

Preparation of whole-cell extracts for immunoblotting: 

  Cells were grown in 3ml synthetic URA drop-out media supplemented with 2% dextrose or 2% 

Galactose at 30
o
C for overnight incubation until OD600 was reached 1-1.2. Cell pellets were 

re-suspended in 45µl of STE buffer (containing 500mM NaCl, 10mM Tris HCl pH8.0 and 1mM 

EDTA) and 40µl of 3xSDS buffer. 100µl of 0.5mm glass beads were then added and boiled at 

95
o
C for 5 minutes. Samples were then vigorously vortexed and cell suspensions were clarified 

by spinning at 14000rpm for 5 minutes. Anti-H3K36me3 (Abcam, 9050), anti-H3K36me2 

(Abcam, 9049), anti-H4 (Abcam, 10158), and anti-FLAG HRP (Sigma, A8592) antibodies were 
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used according to manufacturers’ suggestions. For anti-H3K36me2 antibody, 5% BSA was used 

for blockage, and 1% BSA was present in all antibody incubation.  

 

Histone Methyltransferase Assays (HMT): 

  Standard HMT reactions were carried out in a 40µl system containing 1xHMT buffer (50 mM 

Tris.HCl pH 8.0, 50 mM NaCl, 1 mM MgCl2, 2 mM DTT, 5 % Glycerol), 4µg or 3-fold serial 

dilution of recombinant Set2 proteins, 4µg of Xenopus recombinant nucleosomes and 10µM cold 

S-Adenosyl methionine (Sigma) (Li et al., 2003b). The reactions were performed at 30
o
C for 1 

hour. To detect specific methylation states on given histone substrates, Western blotting analysis 

was performed using antibodies against H3K36me3 (Abcam 9050), H3K36me2 (Abcam 9049), 

and H3K36me1 (Abcam 9048). 

  For the HMT assay to measure enzyme kinetics, reactions were carried out in a 20µl system. 

0.5-2µg of recombination Set2 variants were incubated with 600ng of Xenopus recombinant 

nucleosomes and 0.5µl of radio-labeled 
3
H S-Adenosyl methionine (80 Ci/mmol, Perkin Elmer) 

at 30
o
C for one hour. Scintillation counting-based filter-binding assay was performed as 

described previously (Eberharter et al., 1998). 

 

Northern Blot Assay: 

  Total RNA was extracted by vortexing cells in 200µl of 0.5mm glass beads(Biospec), 320µl of 

RNA Prep Buffer (0.5M NaCl, 0.1M Tris-HCl pH 7.5, 10mM EDTA and 1% SDS), and 250µl of 

Phenol-Chloroform Isoamyle-alcohol (Fisher). RNAs were then Ethanol-precipitated, resolved in 

1% agarose-formaldehyde gels, and transferred to Zeta-probe membrane (Bio-Rad). UV-crossed 

membranes were subjected to hybridization in Denhardt’s based buffer (6x SSC, 5X Denhardt’s 

solution, 0.5% SDS, and 0.1 mg/ml of sonicated salmon sperm DNA). 3’ STE11 probe was 

prepared through in vitro transcription reaction using T7 RNA polymerase (MEGAscript® Kit, 

Life Technologies Corporation) and 5µl of α-
32

P labeled CTP (Perkin Elmer). 

 

https://en.wikipedia.org/wiki/S-Adenosyl_methionine
https://en.wikipedia.org/wiki/S-Adenosyl_methionine
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Spotting Assay: 

  The spt16-11(YYW162), spt16-11/∆SET2 (YYW163), spt16-11/∆RCO1 (YYW164), 

spt16-11/∆RCO1/∆SET2 (YYW165), ess1-H164R (YYW157), and ess1-H164R/ ∆SET2 

(YYW160) yeast strains harboring pRS416 ADH1pro-Flag empty vector (pWY084), SET2 WT 

(pWY088), Y149F (pWY165), or F234Y (pWY159) were cultured in uracil synthetic drop-out 

medium at 26
o
C and collected once saturated . The cells were diluted to OD600=1.0 followed by 

further 5-fold serial dilutions. 3ul of diluted cells were spotted onto uracil synthetic drop-out 

plates to grow at 26
o
C or 35 

o
C. In the assay to measure cryptic transcription of STE11-HIS 

reporter gene, STE11-HIS3 (YCR376) and STE11-HIS3/∆SET2 (YCR377) reporter strains 

transformed with same series of Set2 expression vectors were cultured at 30
o
C in uracil synthetic 

drop-out medium overnight. The saturated cell culture was diluted and spotted onto uracil or 

uracil/histidine double synthetic drop-out plates (SC-Ura/SC-His). Photographs of the plates 

were taken after 5 days. 

 

Plasmid re-ligation Assay: 

  Competent cells were made using ∆SET2 yeast (YYW005) expressing plasmid-borne Set2 

variants (pRS416 ADH1pro-Flag series as shown before, URA3) in SD-URA medium and 

transformed with 100ng of pRS415 plasmids with/without HindIII digestion. 1/10 of 

transformants were spread onto uracil/leucine synthetic double drop-out plates (SC-Ura/SC-Leu). 

The colony numbers of both circular and linearized pRS415 transformants were counted after 2 

days. The plasmid repair rate was calculated by normalizing the colony number of linearized 

pRS415 transformants with that of the circular pRS415 transformants. 
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Table 4.1 Plasmid List 

 

Plasmid  Backbone  Description Source 

pWY084 pWY080 pRS416 ADH1pro-Flag  this study 

pWY088 pWY084 pRS416-ADH1pro-FLAG-Set2  FL this study 

pWY157 pWY084 pRS416-ADH1pro-FLAG-Set2 Y149A this study 

pWY158 pWY084 pRS416-ADH1pro-FLAG-Set2 Y149N this study 

pWY159 pWY084 pRS416-ADH1pro-FLAG-Set2 F234Y this study 

pWY161 pWY105 pRS416-ADH1pro-FLAG-Set2 ΔB (Δ303-338)/Y149A this study 

pWY162 pWY105 pRS416-ADH1pro-FLAG-Set2 ΔB (Δ303-338)/Y149N this study 

pWY163 pWY105 pRS416-ADH1pro-FLAG-Set2 ΔB (Δ303-338)/F234Y this study 

pWY164 pWY084 pRS416-ADH1pro-FLAG-Set2 Y149S this study 

pWY165 pWY084 pRS416-ADH1pro-FLAG-Set2 Y149F this study 

pWY105 pBL532 pBP-HFT-Set2 ΔB (Δ303-338) This stydy 

pWY005 pBL532 pBP-HFT-Set2 this study 

pWY166 pBL532 pBP-HTF-Y149A this study 

pWY167 pBL532 pBP-HTF-Y149N this study 

pWY168 pBL532 pBP-HTF-Y149F this study 

pWY170 pBL532 pBP-HTF-F234Y this study 

pBL532  pBacPAK-8-N-HisFlag-TEVsite Li Lab 
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Table 4.2 Stains List 

 

Name Parental 

strain 

Genotype Source 

YYW162 w303 MATa ade2 can1 his3 leu2 lys2 met15 trp1 ura3 spt16-11 Li Lab 

YYW163 w303 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN Li Lab 

YYW164 w303 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔRCO1::URA3 Li Lab 

YYW165 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN 

ΔRCO1::cre-HIS 

Li Lab 

YYW809 YYW162 MATa ade2 can1 his3 leu2 lys2 met15 trp1 ura3 

spt16-11+pWY084(pRS416-ADH1pro-APDT2-FLAG-CYC1ter) 

this study 

YYW810 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 

ΔSET2::KAN+pWY084(pRS416-ADH1pro-APDT2-FLAG-CYC1ter) 

this study 

YYW811 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN+pWY088 

(pRS416-ADH1pro-FLAG-Set2 FL) 

this study 

YYWS4 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 

ΔSET2::KAN+pWY165(pRS416-ADH1pro-FLAG-Set2 Y149F) 

this study 

YYWS5 YYW163 MATa ade2 can1 his3 leu2 ura3 spt16-11 

ΔSET2::KAN+pWY159(pRS416-ADH1pro-FLAG-Set2 F234Y) 

this study 

YYWS6 YYW165 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN 

ΔRCO1::cre-HIS(c.kl)+pWY084(pRS416-ADH1pro-APDT2-FLAG-C

YC1ter) 

this study 

YYWS7 YYW165 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN 

ΔRCO1::cre-HIS(c.kl)+pWY088(pRS416-ADH1pro-FLAG-Set2 FL) 

this study 

YYWS8 YYW165 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN 

ΔRCO1::cre-HIS(c.kl)+pWY165(pRS416-ADH1pro-FLAG-Set2 

Y149F) 

this study 

YYWS9 YYW165 MATa ade2 can1 his3 leu2 ura3 spt16-11 ΔSET2::KAN 

ΔRCO1::cre-HIS(c.kl)+pWY159(pRS416-ADH1pro-FLAG-Set2 

F234Y) 

this study 

YYWS83 YYW164 MATa ade2 can1 his3 leu2 ura3 spt16-11 

ΔRCO1::URA3+pWY084(pRS416-ADH1pro-APDT2-FLAG-CYC1ter 

this study 

YCR376 BY4741 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3 Li Lab 

YCR377 YCR376 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3 

ΔSET2::HPH 

Li Lab 

YYWS10 YCR377 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3 

ΔSET2::HPH+pWY084 (pRS416-ADH1pro-APDT2-FLAG-CYC1ter 

this study 

YYWS11 YCR377 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3 

ΔSET2::HPH+pWY088 (pRS416-ADH1pro-FLAG-Set2 FL) 

this study 
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YYWS12 YCR377 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3 

ΔSET2::HPH+pWY165(pRS416-ADH1pro-FLAG-Set2 Y149F) 

this study 

YYWS13 YCR377 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 1840-HIS3 

ΔSET2::HPH+pWY159(pRS416-ADH1pro-FLAG-Set2 F234Y) 

this study 

YYWS15 YCR376 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 

1840-HIS3+pWY165(pRS416-ADH1pro-FLAG-Set2 Y149F) 

this study 

YYWS16 YCR376 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0  STE11 

1840-HIS3+pWY159(pRS416-ADH1pro-FLAG-Set2 F234Y) 

this study 

YYW005 BY4741 MATa his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 ΔSET2::KAN Li Lab 

YYW010 BY4742 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 ΔSET2::KAN Li Lab 

YYWS17 BY4742 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0+pWY084 

(pRS416-ADH1pro-APDT2-FLAG-CYC1ter 

this study 

YYWS18 BY4742 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  

ura3Δ0+pWY165(pRS416-ADH1pro-FLAG-Set2 Y149F) 

this study 

YYWS19 BY4742 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  

ura3Δ0+pWY159(pRS416-ADH1pro-FLAG-Set2 F234Y) 

this study 

YYWS20 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 ΔSET2::KAN+pWY088 

(pRS416-ADH1pro-FLAG-Set2 FL) 

this study 

YYWS21 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 ΔSET2::KAN+pWY084 

(pRS416-ADH1pro-APDT2-FLAG-CYC1ter 

this study 

YYWS22 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 

ΔSET2::KAN+pWY165(pRS416-ADH1pro-FLAG-Set2 Y149F) 

this study 

YYWS23 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 

ΔSET2::KAN+pWY159(pRS416-ADH1pro-FLAG-Set2 F234Y) 

this study 

YYWS23 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 

ΔSET2::KAN+pWY157(pRS416-ADH1pro-FLAG-Set2 Y149A) 

this study 

YYWS76 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 

ΔSET2::KAN+pWY158(pRS416-ADH1pro-FLAG-Set2 Y149N) 

this study 

YYWS77 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 

ΔSET2::KAN+pWY164(pRS416-ADH1pro-FLAG-Set2 Y149S) 

this study 

YYWS78 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 

ΔSET2::KAN+pWY161(pRS416-ADH1pro-FLAG-Set2 ΔB 

(Δ303-338)/Y149A) 

this study 

YYWS79 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 

ΔSET2::KAN+pWY162(pRS416-ADH1pro-FLAG-Set2 ΔB 

(Δ303-338)/Y149N) 

this study 

YYWS80 YYW010 MATalpha his3Δ1 leu2Δ0  lys2Δ 0  ura3Δ0 

ΔSET2::KAN+pWY163(pRS416-ADH1pro-FLAG-Set2 ΔB 

(Δ303-338)/F234Y) 

this study 

YYW157  MATaurs3-1 Leu2-3,112 trp1-1 can1-100 ade2-1 his3-11,15  [phi+] 

ess1-H164R 

Steven 

Hanes 
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YYW160/

161 

 MATaurs3-1 Leu2-3,112 trp1-1 can1-100 ade2-1 his3-11,15  [phi+] 

ess1-H164R SET2Δ::HPH 

this study 

YYWS27 YYW157 MATa urs3-1 Leu2-3,112 trp1-1 can1-100 ade2-1 his3-11,15  [phi+] 

ess1-H164R+pWY084 (pRS416-ADH1pro-APDT2-FLAG-CYC1ter 

this study 

YYWS28 YYW160 MATa urs3-1 Leu2-3,112 trp1-1 can1-100 ade2-1 his3-11,15  [phi+] 

ess1-H164R SET2Δ::HPH+pWY084 

(pRS416-ADH1pro-APDT2-FLAG-CYC1ter 

this study 

YYWS29 YYW160 MATa urs3-1 Leu2-3,112 trp1-1 can1-100 ade2-1 his3-11,15  [phi+] 

ess1-H164R SET2Δ::HPH+pWY088 (pRS416-ADH1pro-FLAG-Set2 

FL) 

this study 

YYWS81 YYW160 MATa urs3-1 Leu2-3,112 trp1-1 can1-100 ade2-1 his3-11,15  [phi+] 

ess1-H164R SET2Δ::HPH+pWY165(pRS416-ADH1pro-FLAG-Set2 

Y149F) 

this study 

YYWS82 YYW160 MATa urs3-1 Leu2-3,112 trp1-1 can1-100 ade2-1 his3-11,15  [phi+] 

ess1-H164R SET2Δ::HPH +pWY159(pRS416-ADH1pro-FLAG-Set2 

F234Y) 

this study 
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Chapter 5 SUMMARY AND FUTURE DIRECTIONS 

5.1 Novel insights into H3K36 regulation 

  H3K36 methylation is an important histone “mark” ubiquitously presenting in eukaryotes 

from yeast to mammalian cells. Emerging lines of evidence suggest this enzyme is critical for 

development (Hu et al., 2010) and tumorigenesis (Duns et al., 2010; Newbold and Mokbel, 

2010). In yeast, Set2 is responsible for conferring all three methylation states (mono-, di- and tri-) 

on histone H3 lysine 36 (Lee and Shilatifard, 2007; Strahl et al., 2002).  Set2 mediated H3K36 

methylation is tightly regulated.  

In Chapter 2, we discovered a novel function of p-CTD interaction domain SRI. Besides 

recruiting Set2 to p-CTD, SRI also bound nucleosomal DNA which was essential for H3K36 

me3 (Chapter 2, Fig 2.3 D and E). It is possible that SRI/DNA contact may increase the retention 

time for Set2 on its nucleosome substrates to facilitate tri-methyltransferase activity. Interestingly, 

structural prediction of SRI showed that its p-CTD and DNA interaction surfaces were mutually 

exclusive (Fig 3.7 C). Therefore, examining whether the deletion of DNA but not p-CTD 

interaction surface affects the H3K36me3 status will give us insights int the detailed mechanism 

of how tri-methylation of H3K36 is regulated. We identified auto-inhibition domain (AID) in 

Set2 and demonstrate that the Set2-FL activity is fine-tuned by the opposing effects from AID 

and SRI domain (Fig 2.5E). Abnormal Set2 function by disrupting AID domain will cause 

synthetic growth phenotype with histone chaperon Spt16 (Fig 2.10 B). 

In Chapter 4, we identified F/Y switch in yeast Set2 and successfully created both 

di-methylation and tri-methylation only mutants (Fig 4.3), which allow us to evaluate the state 

specific functions of H3K36me. We believe the catalytic mechanism that determines product 

specificity of Set2 is conserved, despite that the individual H3K36 methyl-state may have 

distinctive cellular functions. Therefore, we hope taht the information we gain from the model 

system of yeast may help shed lights on how H3K36me is regulated in human, especially during 

development and tumorigenesis.  
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5.2 Explore the orchestration of PCAPs on p-CTD 

The factors that have been found to associate with phosphorylated CTD tail include: 

elongation factors (Corden and Patturajan, 1997), mRNA capping enzymes (Cho et al., 1997; 

McCracken et al., 1997a), splicing enzymes (de la Mata and Kornblihtt, 2006), editing factors 

(Ryman et al., 2007), polyadenylation and 3’cleavage factors (McCracken et al., 1997b) 

transcription termination factors (Gudipati et al., 2008; Vasiljeva et al., 2008) (see review (Eick 

and Geyer, 2013)) and histone modifiers such as Set2 as extensively studied in this thesis. To our 

surprise, we found that excessive phosphorylation on CTD tail inhibited Set2 activity on 

nucleosome (Figure 3.8). We also showed that though Set2 had the ability to bind to longer 

p-CTD tail in vitro, its optimal substrate was three phosphorylated heptad repeats (Figure 3.9). 

Increasing repeats will decrease, instead of increase, its activity. This finding suggests that in 

vivo Set2 may bind best to p-CTD with a fix number of exposed phosphorylated sites and 

indicating a possible more organized recruitment of various PCAPs on p-CTD during 

transcription. We propose a model that CTD orchestrates the PCAPs by forming functional 

modules in which a subset of PCAPs are recruited by both available phosphorylation sites and 

cooperative binding with neighboring PCAPs. For instance, transcription termination factors 

Rtt103 and Pcf11 prefer longer (four instead of two) heptad peptide because two copies of each 

factors cooperatively bind to neighboring CTD repeats respectively (Lunde et al., 2010). Also in 

agreement with above speculation, yeast express CTD repeats longer than wild type also have 

growth defect under more under stressful conditions (15°C and 37
°
C), though cells can grow 

normally in 30
o
C (Liu et al, 2010). It is suggested that CTD with wild type length have denser 

packing and may better accommodate overall CTD–PCAPs interactions, and pre-established 

PCAP binding on the CTD subsequently affects the efficiency of interactions with additional 

stress response PCAPs. This result suggests that the globle CTD-PCAP organization rather than 

randomly loading of PCAPs is essintial for CTD function. 

In future study, we can take advantage of our engineered CTD system (Figure 3.4) to 

characterize how Set2 recognize its basic recognition motif (3 heptad repeats, as we showed in 
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the Chapter 3) along the long repeating domain of CTD. It is also interesting to identify the 

potential neighboring PCAPs of Set2 and how they work in convert to achieve precise temporal 

control of histone modifcatons during dynamic elongation process. 

5.3 Looking for H3K36 methyl-state-specific readers.   

   Histone PTMs can directly influence chromatin structure. For instance, acetylation on 

lysine residues can reduce the positive charge of histones, thereby weakening their interaction 

with negatively charged DNA and increasing nucleosome fluidity (Workman and Kingston, 

1998). Moreover, the “histone code” hypothesis predicts that the modification marks on histone 

tails should provide binding sites for recruiting effector proteins which ultimately determine the 

functional outcome of certain PTMs (Jenuwein and Allis, 2001). The chromo domain, the 

PWWP domain and a hybrid Bromo-Zn-PWWP domain have been found to mediate the 

recognition of H3K36 methylation mark (Wen et al., 2014; Yun et al., 2011). The Chromo 

domain of Eaf3, the subunit of the Rpd3S HDAC complex, binds to histone methylated H3K36 

with the help of the PHD domain of Rco1 subunit (Li et al., 2007b). In Drosophila, the 

male-specific lethal (MSL) complex which is required for X chromosome dosage compensation 

preferentially binds H3K36me3 marked nucleosomes through chromo domain containing MSL3 

(Hosey and Brand, 2009; Larschan et al., 2007). In human, Eaf3 homolog MRG15 is recruited by 

H3K36me3 to modulates alternative splicing (Luco et al., 2010). Meanwhile PWWP domain 

containing proteins: DNMT3A (DNA methyltransferase), NSD family member proteins (H3K36 

mono-, di- methyltransferase), MSH-6 (DNA mispair recognition factor) are also shown to 

recognize methylated H3K36 to perform various function in cells (Dhayalan et al., 2010; Li et al., 

2013; Wagner and Carpenter, 2012). DNMT3A and MSH-6 have been shown to specifically 

recognize H3K36me3 rather than other H3K36 methylation marks, rendering possibility that 

these factors can potentially mediate state-specific function of methylated H3K36 (Dhayalan et 

al., 2010; Li et al., 2013). In Chapter 4, we found that di- and tri- methylated H3K36 play 

distinctive roles in DNA damage repair pathway (Figure 4.8). Other works in human and yeast 

also reveal that H3K36me2 correlates with DSB processing and involves in the H3K36 
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methylation-dependent DNA damage repair (Fnu et al., 2011; Jha and Strahl, 2014). In the future 

study we plan to explore the detailed roles of specific H3K36 methylation in DNA damage repair 

pathway. With the help of high-throughput candidate based approach, the reader screening of 

state-specific histone methylation markers will be largely sped up (Kim et al., 2006). We hope 

the discovery of methyl-state histone modification readers will help us understand more detailed 

signals of histone code.  
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