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ABSTRACT 

Zhang, Yueping. Ph.D., Purdue University, December 2016. The Role of the Set1 RNA 

Polymerase II Interacting Motif (SRIM) in Set1 Recruitment and Histone H3K4 

Methylation. Major Professor: Scott D. Briggs.

 

 

In eukaryotes, gene expression is regulated by epigenetic modifications. Among these 

modifications, histone H3 lysine 4 (H3K4) methylation has been associated with 

transcription activation. Set1 is the sole H3K4 histone methyltransferase in 

Saccharomyces cerevisiae and functions in a multi-subunit protein complex (Set1C) to 

catalyze H3K4 mono-, di-, and trimethylation. In addition, mis-regulation of Set1 human 

orthologs such as MLL (1 to 4) or SETD1A/B have been linked to a variety of cancers 

such as leukemia and early embryonic development defects. The current model indicates 

that the Paf1 complex (RNA polymerase II associated factor I) recruits Set1C to the 

phosphorylated CTD of RNA polymerase II (RNAPII) and chromatin, so that Set1C can 

deposit histone H3K4 methylation at actively transcribed genes. Here we show that the 

Set1 and RNAPII association is independent of Paf1 complex subunits. Our results also 

show that Set1 and RNAPII can interact independently of Set1-associated subunits. We 

have identified, for the first time, the region responsible for the Set1 and RNAPII 

interaction and have named this region the Set1 RNA polymerase II interacting motif 

(SRIM), which is in the uncharacterized region upstream of the previously identified Set1 

RNA Recognition Motifs (RRM). Importantly, we have determined that Set1 interacts 



xvi 

 

with the Ser5 phosphorylated form of CTD and that the SRIM is necessary for this 

interaction. Additionally, SRIM mutants show altered enrichment at mostly the 5’ regions 

of open reading frames of actively transcribed genes, including PYK1 and PMA1 and 

inducible genes, including PCK1. Moreover, one SRIM mutant shows a great decrease in 

H3K4 trimethylation levels globally and gene specifically. Interestingly, the deposition of 

global H3K4 mono- and dimethylation still occurs in the SRIM mutants. Together, these 

results suggest that the Set1 and RNAPII interaction is important for proper recruitment 

of Set1 and the deposition of H3K4 trimethylation to 5’ ends of actively transcribed 

genes, whereas Set1 could also be recruited to chromatin through other mechanisms 

independent of the Set1-RNAPII interaction to deposit H3K4 methylation. Furthermore, 

the loss of Set1 and SRIM mutants show sensitivity to 6-azauracil (6AU) indicating that 

the Set1 and RNAPII interaction is important for transcriptional elongation. Taken 

together, these data indicate that Set1 specifically interacts with the Ser5 phosphorylated 

form of RNAPII through the newly identified SRIM and that this interaction plays a role 

in the establishment of Set1-mediated H3K4 methylation to actively transcribing genes 

and inducible genes. 

In the meanwhile, we have constructed the “N-ICE” plasmids so that non-

essential and essential genes can be N-terminally 3×FLAG tagged and expressed from an 

Inducible promoter (GAL1), Constitutive promoters (CYC1 or PYK1), or the Endogenous 

promoter. We have validated the N-ICE plasmid system by N-terminal tagging two non-

essential genes (SET1 and SET2) and two essential genes (ERG11 and PKC1).  

 

. 
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CHAPTER 1. INTRODUCTION

 Epigenetics and Chromatin 

 

1.1.1 Definition of Epigenetics 

The term “epigenetics” was first proposed by Dr. Conrad Hal Waddington when 

he studied embryogenesis in 1942 to define the study of causal mechanisms connecting 

genotype to phenotype (1, 2). In recent years, epigenetics has become an area of rapid 

growth, and the meaning of “epigenetics” has evolved from a general notion to a more 

specific term; epigenetics is now defined as the study of mechanisms that result in 

developmental changes in gene activities and effects that are not mediated by altering 

DNA sequences (2). These changes can be at different cellular levels and include DNA 

modifications, histone post-translational modifications, RNA-mediated epigenetic 

regulation, and cellular epigenetic inheritance (2-5).  

 

1.1.2 Chromatin structure and function 

One major difference between eukaryotic cells and prokaryotes is that eukaryotic 

genomic DNA is enclosed within a nuclear membrane in a structure termed nucleus. In 

the nucleus, DNA is highly condensed and packed with proteins to form a compact 

structure called chromatin (6, 7). Based on gene transcriptional activity, chromatin exists 
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in two global forms, heterochromatin and euchromatin (8). Heterochromatin is a densely 

packed form of DNA that is associated with gene repression and silencing, whereas 

euchromatin is a loosely packed form of DNA that is associated with active transcription 

(8). The function of chromatin was originally believed to be packing DNA in the nucleus. 

Later, it was found that chromatin also plays important roles in preventing DNA damage 

and regulating gene expression (9). 

 

 Figure 1.1 Chromatin 

In the nucleus of eukaryotic cell, 146 base pairs of DNA are wrapped around a histone 

octamer, form a fundamental repeating unit called nucleosome. The histone octamer is 

composed of two copies of each core histone protein (H2A, H2B, H3, and H4). 

 

In the eukaryotic cell, chromatin is composed of a fundamental repeating unit 

called the nucleosome, where 146 base pairs of DNA are wrapped around a histone 

octamer (7). The histone octamer is composed of two copies of each core histone protein 
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(H2A, H2B, H3, and H4) (8, 10). In the histone octamer, H3 and H4 form a (H3-H4)2 

tetramer, and H2A and H2B form two heterodimers (8, 10). It has been suggested that 

nucleosome assembly occurs through the deposition of (H3-H4)2 tetramer onto the DNA 

followed by the rapid incorporation of two H2A-H2B dimers (11, 12). The histone 

octamers are linked by an interaction between H2B and H4 (8, 10). In addition to the core 

histones, histone H1 (or H5 in avian species) serves as a linker histone, which is essential 

for higher-order chromatin structures (8). To form a higher-order chromatin structure, the 

repeating structure of the nucleosome forms a 30-nm condensed chromatin fiber (8). The 

chromatin fibers are further packed into structures called chromosomes, which are visible 

during mitosis and meiosis (9).  

The core histones have two distinct regions: the highly ordered histone globular 

fold regions and the mostly unstructured N- or C-terminal histone tails (10, 13, 14). Both 

regions have important roles in nucleosome structure and stability. The histone fold 

regions are necessary for the interactions within histones that allow for histone octamer 

formation and for the interactions between histones and DNA (10, 13). The unstructured 

N-terminal tails of both H3 and H2B pass through the DNA superhelix channels and 

interact with neighboring nucleosomes, thus playing an important role in nucleosome 

stability and higher-order chromatin structure (10, 14-16).  
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 Chromatin Modulation  

1.2.1 ATP-dependent Chromatin Remodeler 

An ATP-dependent chromatin remodeler can regulate chromatin through several 

mechanisms, including sliding the nucleosomes along DNA, disassembling the histone-

DNA complex, evicting the nucleosome, and replacing histones with histone variants 

(17-19).  

There are four classes of ATP-dependent chromatin remodelers. The common 

feature of these four categories is that they all share a homologous ATPase catalytic 

domain, which functions in DNA binding and ATP hydrolysis (20, 21). The differences 

in these four classes are found in the other domains, which have specialized functions 

(20, 21). The first class of ATP-dependent chromatin remodelers is the SWI/SNF family, 

which contains a bromodomain (20, 21). The members of the SWI/SNF family interact 

with acetyl groups on the lysine residues of histone tails through the bromodomain (20, 

21). The members of this family mainly promote transcription by sliding nucleosomes 

along the DNA to enhance the interaction between the transcription factors and the DNA 

(20, 21). The second class is the ISW1 family, in which the enzymes function in 

regulating the space between nucleosomes (20, 21). The enzymes in this family usually 

function in chromosome assembly and gene repression (20, 21). The third class is the 

CHD family, in which the enzymes are characterized by the presence of a chromodomain 

(21). The chromodomain has been shown to interact with methylated histone lysine 

residues, and the CHD family has been shown to promote transcription by sliding or 

removing nucleosomes (4, 21). One exception is the Mi-2/NuRD complex, which 

represses gene expression by interacting with histone deacetylases and the H3K4 
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demethylase (22, 23). The last class is the INO80 family, in which the enzymes have 

diverse functions, including responding to DNA damage and regulating transcription (20, 

21).  

 

1.2.2 Histone Post-Translational Modifications  

One of the epigenetic mechanisms by which chromatin can be organized into 

active or repressed expression modes is the post-translational modification of core 

histones. The N- and C- terminal tails of the core histones are rich in lysine (K), arginine 

(R), and serine (S) residues, all of which can be chemically modified. The post-

translational modifications of methylation and acetylation were initially discovered on 

histones in the 1960s (24-28). Since then, over 100 distinct sites on histones that can be 

chemically modified have been identified (27, 29). These sites are mostly found on 

histone tails but can also be located in the histone fold domain (27, 29). The most well-

known histone modifications include lysine or arginine methylation, lysine acetylation, 

serine or threonine phosphorylation, lysine ubiquitination, and lysine sumoylation (26, 

27, 29). The post-translational modifications to histones can regulate chromatin structure 

by changing the chemical composition or charge or by serving as docking sites for other 

effector proteins (29). The histone post-translational modifications have important roles 

in chromatin structure, gene regulation, gene silencing, the DNA damage response, and 

cell cycle regulation (29).  
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Figure 1.2 Histone post-translational modifications 

The histone tails are rich in lysine, arginine, and serine residues, all of which can be 

chemically modified. The most well-known modifications include methylation, 

acetylation, phosphorylation, and ubiquitination. The post-translational modifications 

to histones can regulate chromatin structure through changing the chemical 

composition or charge or through serving as docking sites for other effector proteins 

 

1.2.2.1 Histone Acetylation, Phosphorylation, and Ubiquitination  

Histone acetylation, which is associated with active transcription, was the first 

histone post-translational modification identified and is the most studied (30-32). The 

acetylation of histones was first discovered in 1964 (28, 33). Later, histone 

acetyltransferases (HATs), which transfer an acetyl group from the cofactor acetyl-CoA 

to the lysine residues of histones (27, 34-36), were identified. Histone acetylation 

neutralizes the positive charges of the lysine residues on histone tails and, in doing so, 

decreases the interaction of the histone N-terminal tails with the negatively charged 

phosphate groups of the DNA (27, 37, 38). Consequently, the chromatin forms a more 
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relaxed structure, which exposes the DNA to transcription factors and RNA polymerases 

(27, 31, 38, 39). In addition, acetylated histones serve as docking sites for other 

functional proteins (40, 41). Bromodomain-containing proteins, including chromatin 

remodelers and transcription factors, bind to acetylated histones and modulate chromatin 

(27, 41, 42). The acetyl groups on histones can be removed by histone deacetylases 

(HDACs). Histone deacetylation results in a compact and condensed chromatin and 

consequently represses gene expression. There are four classes of HDACs that are based 

on functional similarity and sequence homology. Classes I, II, and IV share zinc-

dependent active sites that can be inhibited by trichostatin A, while Class III HDACs are 

NAD+-dependent proteins that are not inhibited by trichostatin A (34, 43). The yeast 

homologues of the Class I, II, and III families are Rpd3, Hda1, and Sir2, respectively 

(44). Class IV only contains one member, HDAC11, which does not have a homolog in 

yeast (44). 

Histone phosphorylation plays important roles in the response to genotoxic stress, 

the regulation of gene transcription, and the regulation of chromatin structure during 

apoptosis and cell division (45). The phosphorylation of H2A.X S139 in mammalian cells 

(or H2A S129 in yeast) plays a crucial role in DNA double-strand break repair in all of 

the phases of the cell cycle and DNA damage response, including replication-coupled 

DNA repair, homologous recombination (HR), and non-homologous end joining (NHEJ) 

(45-48). There are several other phosphorylation sites on histone residues that are related 

to the DNA damage or stress response. For example, histone variant H2A.X tyrosine (Y) 

142 is phosphorylated in a DNA damage-dependent manner; and histone H4 S1 

phosphorylation is triggered by DNA damage when yeast cells are exposed to UV light 
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and methyl methanesulfonate (MMS) (45, 49). In addition to the DNA damage response, 

the phosphorylation of histones also plays a role in crosstalk with other histone 

modifications, which allows for the proper control of chromatin remodeling and the 

regulation of gene expression (45). For example, histone H3 S10, threonine (T) 11, and 

S28 phosphorylation have been shown to be associated with transcriptional activation 

through Gcn5-dependent acetylation at H3 K9 and K14 (45, 50-52). Additionally, histone 

phosphorylation plays a role in chromatin compaction during mitosis and meiosis (45). 

For example, the phosphorylation of histone H3 T3, S10, T11, and S28 play a role in 

chromosome condensation and segregation (45, 52).  

Ubiquitination is a dynamic process that adds a 78-amino acid (8.5-kDa) ubiquitin 

protein onto a lysine residue of target protein (53, 54). This process requires three steps: 

ubiquitin is first activated by E1, conjugated to the ubiquitin-conjugating enzyme E2, and 

finally transferred to the target lysine residue of the substrate with the help of a ubiquitin-

protein isopeptide ligase (E3) (53, 54). A substrate can be polyubiquitinated or 

monoubiquitinated. Polyubiquitination usually results in the substrate being targeted for 

26S proteasome degradation, while monoubiquitination primarily marks the substrate for 

a special function (53, 54). Chromosomes are monoubiquitinated at histones H2A and 

H2B (55). In higher eukaryotes, histone H2A and histone variant H2A.Z have been 

identified as targets for ubiquitination, but their ubiquitination is not detected in 

Saccharomyces cerevisiae (56). H2A ubiquitination is related to the repression of gene 

expression through the regulation of chromatin structure and the repression of histone 

H3K4 methylation (56). The monoubiquitination of H2B occurs on yeast H2B K123 

(K120 in mammalian cells) and is mostly associated with active transcription since the 
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large size of ubiquitin switches the higher-order structure of chromatin to a more open 

conformation (55). H2B monoubiquitination is catalyzed by Rad6 (E2) and Bre1 (E3) in 

yeast, and H2B monoubiquitination is involved in the crosstalk between H3 K4 and K79 

methylation (57-59). H2B ubiquitination plays a crucial role in gene transcription, gene 

silencing, and DNA damage repair during various cellular processes, including the cell 

cycles, apoptosis, development, and tumorigenesis (57-60). 

 

1.2.2.2 Histone Methylation  

Histone methylation was discovered and identified as a stable modification on 

histones in 1964 (33, 61). Histone methylation is carried out by transferring methyl 

groups from the cofactor S-adenosyl-L-methionine (SAM) to lysine, arginine, or 

glutamine residues on the histone (61-64).  

 

Of the three amino acids that can be methylated, histone lysine methylation has 

been the most studied (65). In human cells, histone lysine residues can be methylated in 

three states (mono-, di-, or trimethylation), and the major sites of methylation are K4, K9, 

K27, K36, and K79 on histone H3 and K20 on histone H4 (64, 66). Methylation on 

H3K4, K36, and K79 is mainly associated with active transcription, and methylation on 

H3K9 and K27 and H4K20 is primarily associated with gene repression and silencing 

(37, 63, 64, 66). In S. cerevisiae, the major methylation sites are on histone H3K4, K36, 

and K79 and are primarily associated with active transcription (64, 66). Intriguingly, 

methylation on histones H3K9 and K27, which is mainly associated with gene repression 



10 

 

and silencing, has not been identified in S. cerevisiae (66). One recent study identified 

histone H4K20 monomethylation in S. cerevisiae and found that it functioned in 

subtelomeric silencing (67). However, the histone methyltransferase (HMT) for this site 

has not been identified in S. cerevisiae, and there have been no follow-up studies (67). 

Recent studies have identified Set5 as the a HMT responsible for the monomethylation of 

histones H4K5, K8, and K12 in S. cerevisiae (68, 69).  

 

 Figure 1.3 Histone H3 and H4 methylation sites in Saccharomyces cerevisiae 

In Saccharomyces cerevisiae, Set1 complex, Set2, and Dot1 methylate H3K4, K36, 

K79 respectively. All three markers have been associated with positive transcription. 

Recent study shows Set5 can monomethylate H4 K5, K8, and K12. 

 

Histone methylation is catalyzed by histone lysine methyltransferases (KMTs) 

using SAM as a cofactor (6, 70). Most KMTs contain a SET domain in their catalytic 

core, except for yeast Dot1 (human DOT1L), the KMT for histone H3K79 (64, 70). The 

catalytic domain of Dot1 shares protein sequence similarity to histone arginine 
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methyltransferases, even though Dot1 has not been identified as a histone arginine 

methyltransferase (71, 72).  

Histone lysine methylation is both a stable and dynamic modification, and the 

methyl groups can be removed from lysine by histone lysine demethylase (HDM) (73). 

There are two families of HDM that have been identified, the LSD family and the JmjC 

family (74). The LSD family demethylates histones through a FAD (flavin adenine 

dinucleotide)-dependent amine oxidase reaction (74). The LSD homologues are not 

found in S. cerevisiae (75). The JmjC domain family demethylates histones through a 

2OG-Fe(II)-dependent dioxygenase reaction, and this motif is conserved from yeast to 

humans (74). In S. cerevisiae, Jhd2, a JmjC domain-containing demethylase, can remove 

histone lysine methylation on H3K4 (76-78).  

The additional methyl groups on histones do not change the positive charge of 

lysine or arginine (65). Rather, methylated histones mainly serve as docking sites for 

protein-protein interactions that regulate chromatin structure and gene expression, such as 

those encoding chromatin remodelers, enzymes required for the post-translation 

modification of histones, and transcription factors (65, 79-82). The specific binding 

domains for histone lysine methylation include WD40 domains, chromodomains, Tudor 

domains, and PHD fingers (81, 83). For example, human HP1, a chromodomain-

containing protein, is reported to bind methylated H3K9 and function in DNA 

methylation and RNA-mediated silencing (84). In addition, yeast Set3, a PHD finger- and 

SET domain-containing protein, has been shown to interact with H3K4 dimethyl groups 

and function in histone deacetylation (85-87).  
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 Figure 1.4 H3K4 trimethylation cross-talks with other histone modifications 

(A) H3K4 trimethylation promote H3 acetylation and inhibit H3K9 methylation. (B) 

The Rad6 and Bre1 mediated Histone H2B monoubiquitination is required for H3K4 

and K79 methylation.  

Histone arginine methylation can be associated with either transcriptional 

activation or repression and is mediated by protein arginine methyltransferases (PRMTs) 

that deposit methyl groups on histone H3R2, R8, R17, and R26 and H4R3 (37, 88, 89). 

The PRMTs catalyze three forms of arginine methylation: monomethylation, asymmetric 

dimethylation, and symmetric dimethylation (88). Recent studies have shown that 

JMJD6, a JmjC domain-containing protein, is a putative demethylase of histone H3R2 

and H4R3 dimethylation (88, 90). Additionally, there is a PADI4-mediated deamination 

reaction that converts an arginine to citrulline to prevent the methylation (91). Histone 

glutamine methylation was recently identified on H2A glutamine (Q) 104 in humans (and 

Q105 in yeast) and was found to be exclusively enriched at the 35S ribosomal DNA 

(rDNA) locus (62). In yeast, H2A glutamine methylation is mediated by Nop1 to prevent 
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the recruitment of FACT to the 35S rDNA locus and results in a more open chromatin 

conformation (62).  

1.2.2.3 Histone H3 Lysine 4 Methylation 

Histone H3 Lysine 4 (H3K4) methylation is one of the most well-studied post-

translational modifications. H3K4 methylation is conserved from yeast to humans and is 

generally considered to be a hallmark of active gene transcription (29, 92). Genome-wide 

studies have found that the pattern of H3K4 trimethylation enrichment is strongly 

correlated with actively transcribed regions from yeast to humans. In yeast, H3K4 mono-, 

di-, and trimethylation are mainly enriched on the open reading frames (ORFs) of active 

genes (29, 92). H3K4 trimethylation is predominately enriched at the transcriptional start 

sites and at the 5’ ends of the ORFs of active genes (29, 92). H3K4 dimethylation is 

mainly enriched in the middle of the ORFs, and monomethylation is enriched at the 3’ 

ends of active genes (29, 92).  

H3K4 methylation sites serve as molecular docking sites for the recruitment of 

effector proteins. (81, 93, 94) H3K4 methylation either activates or represses 

transcription depending on the function of the effector protein (81, 94). For example, 

CHD1, a chromodomain-containing and H3K4 di- and trimethylation-interacting protein, 

alters gene expression by recruiting SAGA HAT complexes (95, 96). Alternatively, Set3 

interacts with H3K4 dimethylation and functions in histone deacetylation and subsequent 

gene repression (85-87).  

As a part of the “histone code,” histone H3K4 methylation is involved in crosstalk 

with other histone modifications (63, 81, 94). The enrichment of H3K4 methylation is 
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correlated with the location of histone acetylation (64, 87). H2BK123 monoubiquitination 

(H2Bub) in S. cerevisiae is related to H3K4 methylation through a trans-tail mechanism 

(57, 59). In contrast, the location of H3K4 methylation could prevent the presence of 

other modifications, such as H3K9 methylation on the histone tails (64, 97). 

 

 Set1: the SET-domain Containing Protein 

 

1.3.1 SET-domain Containing Proteins 

The SET domain is an evolutionarily-conserved motif of approximately 130 

amino acids (98). It was named after the three original Drosophila proteins, Su(var)3-9, 

enhancer-of-zeste, and Trithorax (99). The SET domain mainly functions as a catalytic 

domain in most KMTs (except for Dot1) and acts by transferring a methyl group from 

SAM to the ε-amines of lysine residues on histone tails (100). The SET domain is flanked 

on either side by less-conserved n-SET (or pre-SET) and post-SET domains. The n-SET 

domain stabilizes the SET domain, and the disordered post-SET domain has been shown 

to be associated with the SAM cofactor and histone tails (101, 102). The SET domain 

forms a specific fold pseudoknot structure and creates an active site in which a zinc ion is 

coordinated to three conserved cysteine residues in the post-SET domain (101, 102). In S. 

cerevisiae, there are seven SET domain-containing proteins, named Set1 to 6 and Pkm4 

(103, 104). Pkm4 was originally named Set7 and was later identified as a ribosomal 

lysine methyltransferase that targets lysine 55 of Rpl42ap and Rpl42bp (104). Set1, Set2, 

and Set5 have been identified as histone methyltransferases that target H3K4; H3K36; 

and H4K5, K8, and K12, respectively (68, 69, 103, 105). Although Set3 also contains a 
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SET domain, the methyltransferase activity of Set3 has not been identified. Instead, Set3 

has been shown to bind to H3K4 dimethylation sites and function as a subunit of the 

histone deacetylase complex (87). The functions of Set4 and Set5 have not been 

identified. 

 

Figure 1.5 Schematic representation Domain structures of SET domain 

containing proteins in yeast 

 

1.3.2 Set1: the Histone H3K4 Methyltransferase in Saccharomyces cerevisiae 

The first H3K4 methyltransferase identified was Set1 in Saccharomyces 

cerevisiae. After analyzing individual deletion strains for each of the seven SET domain-

containing proteins in Saccharomyces cerevisiae, Set1 was found to be the only protein 

responsible for H3K4 methylation (103). This and the following results demonstrated that 

Set1 is the sole H3K4 methyltransferase that is responsible for H3K4 mono-, di-, and 

trimethylation in S. cerevisiae (103, 106-108). Unlike other yeast HMTs, such as Set2 

and Dot1, Set1 must be present in a multi-protein complex for it to be active in vitro and 

in vivo (92, 106). In S. cerevisiae, the Set1 complex (Set1C) or Complex of Proteins 

Associated with Set1 (COMPASS) consists of eight members: Set1, Bre2, Sdc1, Swd1, 
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Swd2, Swd3, Spp1, and Shg1 (106, 107, 109). The Bre2, Sdc1, Swd1, Swd3, and Spp1 

subunits are required for various degrees of proper H3K4 methylation, and Swd1, Swd2, 

Swd3, and Spp1 have been shown to be important for regulating Set1 protein levels, 

suggesting that these subunits may contribute to Set1 protein stability (106, 107, 109, 

110). A recent study showed that Set1 methylates a non-histone target, the kinetochore 

protein Dam1 (111, 112). 

Following the identification of yeast Set1, the human Mixed Lineage Leukemia 

family (MLL1 through 4) and human SET1A and SET1B were identified as yeast Set1 

homologues. All of the human H3K4 methyltransferases form complexes and share most 

of the core subunits that are homologous to subunits of the yeast Set1 complex (82). The 

core subunits consist of ASH2 or ASH2L (Bre2 homolog), DPY30 (Sdc1 homolog), 

RBBP5 (Swd1 homolog), WDR82 (Swd2 homolog), WDR5 (Swd3 homolog), and CFP1 

or CGBP (Spp1 homolog) (82). WDR82 has only been identified in human SET1 

complexes and not in MLL complexes (82). Similar to that observed in yeast, disruptions 

of the human MLL(1-4)/SET1A/B complex subunits WDR5, RBBP5, and ASH2L reduce 

H3K4 trimethylation. These results suggest that studying yeast Set1C can help us 

understand how human H3K4 methyltransferase complexes function.  

As the catalytic core of Set1C, Set1, a 1080-amino acid protein, consists of two 

putative N-terminal RNA recognition motifs (RRM1 and 2, amino acids 210-335 and 

415-568, respectively), an n-SET domain (787-935 a.a.), a SET domain (936-1063 a.a.), 

and a post-SET domain (1064-1080 a.a.) (106, 113, 114). The SET domain is a catalytic 

domain and is necessary for histone methyltransferase activity (113). A deletion or 

mutation in the n-SET or post-SET domain also results in the loss of all histone H3K4 
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methylation (113). The n-SET domain contains a motif of basic patch residues that is 

necessary for the association of Set1 with Swd1 (110). Interestingly, a Set1 truncation 

mutant containing the n-SET domain, SET domain, and post-SET domain can associate 

with the Set1C subunits, Spp1, Bre2, Sdc1, Swd1, and Swd3 and is the minimal unit 

necessary for global H3K4 trimethylation in vivo and in vitro (115, 116). However, the 

truncated Set1 was expressed at a higher level than endogenous Set1, thus, global H3K4 

trimethylation in vivo may be due to a gain of function. Set1 contains two putative RRM 

domains in the N-terminus. Interestingly, human Set1A and Set1B also contain a 

conserved RRM domain, while MLL1-4 does not (117). It was originally thought that the 

function of the RRM domain is to bind RNA, but it was later discovered that some RRM 

domains can promote protein-protein interactions (113). The deletion of RRM1 of Set1 

results in a loss of H3K4 trimethylation but has little effect on di- and monomethylation 

(113). One study showed that the RRM1 and RRM2 domains together can non-

specifically interact with RNA, whereas the RRM1 domain alone cannot (118). Human 

SET1A and SET1B contain only one RRM domain, and one study showed that the N-

terminus of human SET1A that contains the RRM domain can interact with Ser5-

phosphorylated CTD peptides with the help of Wdr82 (Swd2 homolog in humans) in 

vitro (117). Further studies are needed to elucidate the function of RRM domains in 

yeast. 

In Set1C, Bre2 and Sdc1 form a heterodimer and have related functions. The 

deletion of either BRE2 or SDC1 results in a loss of global H3K4 trimethylation and a 

decrease in mono- and dimethylation (106, 107, 109, 110). Bre2, a 505-amino acid 

protein, is the second largest subunit in Set1C. Sdc1, a 17-amino acid protein, is the 
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second smallest subunit in Set1C (106). Bre2 is composed of two domains, an N-terminal 

SPRY domain and a C-terminal SDI domain (119). The function of the SPRY domain in 

yeast is unknown, but a study has shown that the SPRY domain in human ASH2L (Bre2 

homolog) is required for the interaction of ASH2L with human RBBP5 (Swd1 homolog) 

and the cofactor SAM. (120, 121). The SDI domain of Bre2 has been shown to interact 

with the Dpy-30 domain of Sdc1 (119). 

Set1C has three WD40 repeat-containing subunits, Swd1 (426 a.a.), Swd2 (329 

a.a.), and Swd3 (315 a.a.). The WD40 domain has been shown to form a β-propeller 

structure that is involved in protein-protein interactions (114, 122). The deletion of either 

SWD1 or SWD3 causes a loss of all levels of H3K4 trimethylation and a significant 

decrease in Set1 protein levels (106, 107, 109, 110). A possible explanation for this is 

that Swd1 and Swd3 form a heteromeric complex independent of Set1, and the deletion 

of either one will therefore result in Set1 losing its interaction with the other (106, 110, 

114). In addition to the WD40 domain, the C-terminus of Swd1 contains two acidic 

patches that are necessary for its association with the basic patches within the n-SET 

domain of Set1 (110). These two acidic patches are also required for H3K4 methylation 

and Set1 protein stability (110). The function of Swd3 in Set1C activity has not been 

identified. Studies have shown that the human WDR5 (Swd3 homolog) interacts with the 

K4 residue on the H3 tail (123). Swd2 is an essential gene and is also a member of the 

APT cleavage and polyadenylation factor complex (106). Conditional mutations suggest 

that Swd2 is needed for proper H3K4 trimethylation (124).  

Spp1 (353 a.a.) is a PHD finger-containing protein. The deletion of SPP1 results 

in a modest reduction in both H3K4 trimethylation and Set1 protein levels (106, 107, 
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109, 110, 124, 125). An in vitro peptide-protein binding assay showed that Spp1 can 

interact with histone H3K4 di- and trimethylated peptides through its PHD finger and that 

Spp1 can interact with DNA via its C-terminus (126, 127). Spp1 is associated with the n-

SET domain of Set1 (115). However, the biological function of Spp1 needs further 

characterization. 

Shg1 (142 a.a.) is the smallest subunit of Set1C. The function of Shg1 is unknown, 

and there is no human homolog of Shg1. The deletion of SHG1 does not affect H3K4 

methylation (110). Shg1 directly associates with Set1 (356-568 a.a.), which is a region of 

Set1 RRM2. However, the biological function of this interaction is still unknown (115). 

Before Set1 enzymatic activity was identified, studies in yeast showed that Set1 is 

needed for normal yeast morphology and growth and for gene silencing at rDNA, 

telomeres, and mating-type loci (103, 107, 108, 113, 128). However, a later-proposed 

mechanism suggested that H3K4 trimethylation prevents Sir2 HDAC complex from 

spreading at these silencing regions; without H3K4 trimethylation, the Sir proteins 

titrated away from silent chromatin, causing loss of silencing (129, 130). The most recent 

studies have shown that the deletion of SET1 results in growth defects during the 

response to various types of stress, such as DNA damage and oxidative stress (131, 132). 

Set1 also regulates gene expression in the ergosterol pathway (133). The antifungal drug 

Brefeldin A (BFA) targets the yeast ergosterol pathway, and the deletion of SET1 or Set1 

complex subunits results in sensitivity to BFA at different degrees (133). Further studies 

are needed to understand the other biologically relevant roles of Set1 and H3K4 

methylation in yeast. 
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 RNA polymerase II and Set1 

In eukaryotic cells, the process of gene transcription is executed by three DNA-

dependent RNA polymerases (134). RNA polymerase II (RNAPII) is the most studied 

and functions in the transcription of pre-mRNA and small nuclear RNA (134). RNAPII is 

conserved in eukaryotes and has a total molecular weight of approximately 550 kDa 

(134). RNAPII is composed of 10-12 subunits (12 subunits in yeast and humans) (134, 

135). RNAPII is composed of a core enzyme of 10 subunits and a peripheral Rpb4/7 

subcomplex (135). The Rpb4/7 subcomplex can be dissociated from purified RNAPII and 

has been shown to stimulate the selective initiation of RNAPII (134, 135). 

 

1.4.1 The Phosphorylation on CTD of RNA polymerase II 

The C-terminal domain (CTD) of RNAPII is on its largest subunit, Rpb1, which is 

composed of heptapeptide repeats of (Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7). There are 

26 repeats in yeast and 52 repeats in mammals (136). The CTD is essential for viability, 

although the number of repeats can be reduced (137-139). The CTD is also essential for 

cell growth. Yeast require at least 10 CTD repeats for viability, and a yeast strain 

containing only 10-12 CTD repeats has a strong temperature-sensitive growth defect 

(137-139). In the pre-initiation complex, RNAII with an unphosphorylated CTD is loaded 

on chromatin (140). The CTD is then modified at multiple sites, mostly by 

phosphorylation, so that the CTD codes will be presented at the different stages of 

transcription (140). The different CTD codes will recruit stage-specific factors that play 

important roles in transcription and CTD modification (140). The most studied CTD 

modifications are phosphorylation at Ser2, 5, and 7 (140). Phosphorylated Ser5 and Ser7 
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occur at the transcription start site in the 5’ region, Ser5 phosphorylation is replaced by 

Ser2 phosphorylation during transcription elongation so that Ser2 phosphorylation is 

enriched at the 3’ ends of the ORF, and Ser7 phosphorylation remains at high levels 

across the ORF (140). At the transcription start site, Ser5 is phosphorylated by Kin28 

(CDK7 in humans) and Srb10 (CDK8 in humans), and Rtr1 is the phosphatase 

responsible for the removal of Ser5 phosphorylation shortly after initiation (140). Kin28 

also phosphorylates Ser7 at the transcriptional start site, and the kinase Bur1 is 

responsible for maintaining Ser7 phosphorylation at the 3’ end (140). Throughout the 

elongation process, Ctk1 is the primary kinase for Ser2 phosphorylation. Bur1 (CDK9 in 

humans) is also a Ser5-P-dependent Ser2 kinase, and Ser2-P and Ser5-P can co-exist on 

the CTD, and this is important for recruiting elongation regulators, such as Set2 (140, 

141). Fcp1 dephosphorylates Ser2-P upon the termination of transcription. The remaining 

phosphorylated Ser5 and Ser7 sites at the 3’ end are removed by the phosphatase Ssu72 

(140). 

There are other modification sites on the CTD. Tyr1 is phosphorylated both in 

human cells and yeast, although the yeast kinase has not been identified (142). Tyr1 is 

phosphorylated along with Ser2-P, but Tyr1-P is decreased upstream of the poly-A region 

(142). Tyr1-P has been shown to enhance the binding of elongation factors and to prevent 

the recruitment of termination factors (140, 142). Thr4 can also be phosphorylated. The 

Thr4 substitution does not affect yeast growth; however, it is lethal to higher eukaryotes 

(140, 143). Other types of modifications have either not been shown in yeast or have 

functions that are not well characterized (140).  
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Figure 1.6 Phosphorylation of CTD of RNA Polymerase II (RNAPII) and 

transcription. 

(A) CTD is phosphorylated in different steps of transcription. The largest subunit of 

RNAPII, Rpb1 containing a flexible C-terminal domain (CTD) which consists of 

multiple repeat of 7 amino acids (Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7). Before 

RNAPII is loaded on to the chromatin, the serine amino acids are not phosphorylated. 

After RNAPII recruited to transcriptional start site, Ser5 and Ser7 are phosphorylated, 

in yeast the kinase is Kin28. When the RNAPII move along the DNA, called 

elongation, the Ser5 phosphorylation is removed and Ser2 is phosphorylated. And 

when RNAPII approaching to 3’ of gene and forming termination complex, all the 

serine phosphorylation on the CTD is removed. (B) The pattern of CTD 

phosphorylation on the open reading frame of active gene. Ser5-P is enriched at TSS 

and 5’ ends, Ser2-P is enriched at 3’ ends of ORF, and Ser7-P is enriched over the 

ORF. 

 Phosphorylation of the RNAPII CTD functions along with histone modifications 

to regulate gene transcription. It has been shown that Ser5-P associates with the Set1 

complex (140). Thus, Set1 and H3K4 trimethylation were found by chromatin 
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immunoprecipitation (ChIP) analysis to be highly enriched at actively transcribed genes 

near the 5’ ends of coding regions (140). During elongation, Ser5-P and Ser2-P both 

associate with Set2 and methylate H3K36. H3K36 trimethylation, which functions in 

transcription termination and prevents cryptic transcription, is primarily enriched at the 3’ 

end (140).  

1.4.2 RNA Polymerase II Association Factor (Paf1) Complex and Set1 

The RNA polymerase II association factor complex I (Paf1C) is composed of five 

subunits, Paf1, Ctr9, Cdc73, Rtf1, and Leo1 in yeast and is conserved from yeast to 

humans (144-146). The Paf1 complex plays important roles in multiple steps of 

transcription, including transcription elongation, the transcription-related modification of 

histones, and the termination of mRNA synthesis (147). Paf1C is localized to the open 

reading frames of active genes and genetically and physically interacts with RNAPII and 

elongation factors, such as Spt5 (147). Mutations in Paf1C lead to sensitivity to the base 

analog 6-azauracil (6-AU) and mycophenolic acid, both of which affect transcription 

elongation (147). Additionally, the Paf1 complex regulates the recruitment of the E2 

ubiquitin-conjugating enzyme Rad6 and the E3 ubiquitin ligase Bre1 to active genes to 

monoubiquitinate H2B, which is a requirement for H3K4 and H3K79 trimethylation by 

Set1C and Dot1 (148). The trimethylation of H3K36 also requires Paf1C, which plays an 

important role in the repression of cryptic transcription (147). Paf1C is also required for 

proper 3’ end processing and the termination of mRNA and snoRNA transcription (149). 

 

The Paf1 complex has been shown to genetically interact with the Set1 complex, as 

double-deletion of the Paf1 and Set1 complex subunits causes synthetic lethality in yeast 
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(150) The current model suggests that the Paf1 complex recruits the Set1 complex to 

interact with the Ser5-phosphorylated CTD of RNAPII (150-152). However, this model 

is based on the Paf1 complex-dependent interaction between RNAII and Bre2, a Set1 

complex subunit, rather than on the detection of a direct interaction between Set1 and 

RNAPII (150-152). Without Bre2, the yeast still has partial global H3K4 

monomethylation and dimethylation (110). Further investigations are needed to elucidate 

the relationship between the Paf1 and Set1 complexes.  

 

 

Figure 1.7 The model of Paf1 Complex is required for H3K4 methylation.  

(A) The Paf1 complex plays important roles in multiple steps of transcription. It 

interacts with RNAPII and elongation factors for example Spt5. It also required for 

Rad6 and Bre1 mediated H2B ubiquitination, which is required for H3K4 

trimethylation. (B) The current model suggests Set1 complex is recruited to Ser5-P 

CTD of RNAPII through Paf1 complex. 
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CHAPTER 2.  THE ROLE OF THE SET1 RNA POLYMERASE II INTERACTING 

MOTIF (SRIM) IN SET1 RECRUITMENT AND HISTONE H3K4 

METHYLATION

 Declaration of collaborative work 

In this study, all the experiments and analysis were performed by Yueping Zhang. 

 

 Introduction 

 

In the eukaryotic cell, gene expression is highly regulated by epigenetic 

modifications, including methylation, acetylation, phosphorylation, and ubiquitination. 

Among these modifications, histone H3 lysine 4 (H3K4) methylation has been associated 

with active gene transcription (64, 92). In S. cerevisiae, Set1 is the sole histone 

methyltransferase responsible for H3K4 mono-, di-, and trimethylation (103, 106-108). 

H3K4 trimethylation (H3K4me3) is primarily enriched at the transcriptional start site and 

5’ end of the open reading frame (ORF), H3K4 dimethylation (H3K4me2) is mainly 

enriched in the middle of the ORF and H3K4 monomethylation (H3K4me1) is enriched 

in 3’ of the ORF(153-155). Recent studies into the function of these methylation events 

show they act as binding sites to recruit effector proteins (81, 93, 94). Depending on the 

function of the effector protein, they can elicit a response to help activate or repress gene 

transcription (85-87, 95, 96). 
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Unlike other yeast histone methyltransferases such as Set2 and Dot1, Set1 

functions in a complex with seven other subunits (Bre2, Swd1, Spp1, Swd2, Swd3, Sdc1, 

and Shg1), together called Set1 complex (Set1C or COMPASS) (106, 107, 109). The 

Set1C subunits are important for Set1 catalytic activity in vitro and in vivo (92, 106). The 

human homologs of Set1 include the Mixed Lineage Leukemia family (MLL1-4) and the 

human SET1 family (Setd1A and Setd1B). All of the human H3K4 methyltransferases 

form complexes and share most of the core subunits that are homologous to subunits of 

the yeast Set1 complex (82, 152). As the catalytic core of Set1C, Set1, a 1080-amino acid 

protein, consists of two putative N-terminal RNA recognition motifs (RRM1 and 2, 

amino acids 210-335 and 415-568, respectively), an n-SET domain (797-933 a.a.), a SET 

domain (933-1063 a.a.), and a post-SET domain (1064-1080 a.a.) (106, 113, 114). The 

function of RRM domains are generally thought to bind RNA, but it was later discovered 

that some RRM domains can participate in protein-protein interactions (113). The RRM1 

domain of Set1 is required for H3K4 trimethylation and Set1 stability (113). The RRM2 

domain of Set1 has been shown to be potentially associated with RNA (118). 

Interestingly, human Set1A and Set1B also contain only one conserved RRM domain, 

while MLL1-4 does not (117). The study showed that the N-terminus of human SET1A 

that contains the RRM domain can interact with Ser5-phosphorylated (Ser5-P) CTD 

peptides with the help of Wdr82 (Swd2 homolog in humans) in vitro (117). MLL1 and 

MLL2 have also been shown to interact with Ser5-P CTD. (156, 157) 

The C terminal domain (CTD) of RNAPII is on its largest subunit, Rpb1, which is 

composed of heptapeptide (Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7) repeats, and there are 
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26 repeats in yeast and 52 repeats in mammals (158). During transcription initiation and 

elongation, RNAPII successively recruits stage-specific factors, by Serine 

phosphorylation on the CTD (159). In yeast, Serine 2, 5, 7 can be phosphorylated. Ser5 

phosphorylated (Ser5-P) CTD is enriched at the transcription start site 5’ region; and 

during transcription elongation, Ser5 is dephosphorylated and Ser2 is phosphorylated; 

Ser7 phosphorylation is enriched across the ORF (160). Set2 directly interacts with CTD 

phosphorylated at both Ser2 and Ser5 of RNAPII through its Set2 RNA polymerase II 

interaction (SRI) domain, which help to recruit Set2 to middle and 3’ end of ORF to 

deposit H3K36 trimethylation (141). Set1 has been shown to interact with Ser5-P CTD of 

RNAPII, however, it is still unclear how this interaction occurs and whether Ser5-P CTD 

of RNAPII helps the deposition of H3K4 trimethylation on ORF (161). The study of how 

yeast Set1 associates with RNAPII will help us understand the mechanism of Set1 

recruitment and H3K4 methylation deposition.  

Paf1C functions in the transcriptional elongation complex, which is composed of 

five proteins: Paf1, Leo1, Rtf1, cdc73, and Ctr9 (144-146). Paf1C is genetically linked to 

Set1C, and double deletion of Paf1C subunits and Set1C subunits causes synthetic 

lethality in yeast (150). Paf1C recruits Rad6 and Bre1 to chromatin to perform 

monoubiquitination on H2B K123, which is required for H3K4 trimethylation (162). The 

current model claims that Paf1C recruits Set1C to interact with Ser5-P CTD of RNAPII. 

Characterizing whether Paf1C affects Set1 and RNAPII containing P-Ser5 CTD 

interaction can help us understand how Set1 is recruited to chromatin to deposit H3K4 

methylation. 
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 Results 

2.3.1 Set1 interacts with RNAPII containing Ser5-P and/or Ser7-P CTD and this 

interaction is independent of Paf1C subunits and most Set1C subunits 

Set1 has been shown to be associated with the Ser5-P CTD of RNAPII (161), 

however, the specificity of this interaction is still unclear. Thus, we generated an N-

terminal 3×FLAG tagged endogenously expressed SET1 strain. The whole cell extracts of 

indicated strains were immunoprecipitated using α-FLAG (M2) conjugated magnetic 

beads and analyzed by Western blot using antibodies against specific Serine 

phosphorylation on CTD of RNAPII. As shown in Figure 2.1A, Set2, as a positive 

control, interacts with not only Ser2-P and Ser5-P CTD of RNAPII as previous 

published, but also Ser7-P CTD of RNAPII, which is a novel discovery (141). In contrast, 

Set1 interacts RNAPII containing Ser5-P and/or Ser7-P CTD, not Ser2-P. To rule out the 

possibility that CTD antibodies may cross-react with other Serine phosphorylated forms 

of CTD, in addition to the antibodies of H5 (α-Ser2P) and H14 (α-Ser5P) used in Figure 

2.1A, we also applied another α-Ser5P antibody (3E8) to the blot and the result is similar  

(163). The set2 mutant without Set2 Rpb1 interacting (SRI) domain is used as a negative 

control (141).  

Previous studies in our lab and others have shown some Set1C subunits are 

required for proper Set1 functions as histone H3K4 methyltransferase (106, 110, 114, 

119). It is possible that Set1 interacts with RNAPII through Set1C subunits. To 

investigate whether Set1 is required for Set1C subunits interact with RNAPII, all Set1C 

subunits were C-terminal 3×FLAG tagged in both wild-type and set1∆ strains. The whole 
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cell extracts of these strains were prepared and subjected to α-FLAG (M2) 

immunoprecipitation assay and analyzed by Western blot using α-Ser5P (H14) and 

Rabbit α-FLAG antibodies. The result indicated that all Set1C subunits can interact with 

RNAPII containing Ser5-P CTD, and these interactions are abolished when SET1 is 

deleted (Figure 2.1B). The loss of interactions is not due to degradation of subunits 

without Set1, for the protein levels of each subunits remain the same in the set1Δ strains 

compared to SET1 strains (Figure 2.1B). These results demonstrate that Set1 is necessary 

for Set1C associating with RNAPII containing Ser5-P CTD.  

After we identified Set1 is required for Set1C interacting with RNAPII, we 

wanted to determine whether Set1C subunits are required for Set1 to interact with 

RNAPII. Thus, bre2∆, swd1∆, swd3∆, spp1∆, sdc1∆, and shg1∆ were generated in 

3×FLAG-SET1 strain. Because SWD2 is essential for yeast to grow, we did not test the 

dependency of Swd2 (152). The whole cell extracts of indicated strains were prepared 

and subjected to α-FLAG (M2) immunoprecipitation assay and analyzed by Western blot 

using α-Ser5P (H14) and α-FLAG (M2) antibodies. As shown in Figure 2.1C, Set1 still 

interacts with RNAPII containing Ser5-P CTD in all tested deletion strains. Though the 

immunoprecipitated Ser5-P CTD levels were decreased in swd1∆, spp1∆, and swd3∆, and 

shg1∆, the immunoprecipitated Ser5-P CTD levels are correlated with the Set1 protein 

levels in corresponding strains. This data indicates that the Set1-RNAPII interaction is 

independent of most Set1C subunits, including Bre2, Swd1, Spp1, Swd3, Sdc1, and 

Shg1.  
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Associated with RNAPII and crucial for transcription elongation, Paf1C is 

composed of five subunits, Paf1, Leo1, Rtf1, cdc73, and Ctr9 (144-146). Current model 

in the field indicates Set1-RNAPII interaction is mediated by Paf1C (150-152). To 

determine whether Paf1C is required for Set1 to interact with RNAPII, individual Paf1C 

subunit deletions, paf1∆, ctr9∆, cdc73∆, rtf1∆, and leo1∆, were generated in 3×FLAG-

SET1 strain. The immunoprecipitation assay was performed as described in Figure 1C. 

To our surprise, Set1 still interacts with RNAPII containing Ser5-P CTD in all individual 

Paf1C subunit deletion strains (Figure 2.1D). We also determined the global levels of 

H3K4 mono-, di-, and trimethylation and H2B ubiquitination in our Paf1C subunit 

deletion strains, and the results are same as published results (Figure 2.1E). Our result 

indicates that the Set1-RNAPII interaction is independent of Paf1C.  

2.3.2 A novel domain in the N terminus of Set1 mediates Set1 and RNAPII interaction.  

Given that Set1 and RNAPII interaction is independent of Paf1C subunits and 

most Set1C subunits, we sought to identify the region on Set1 responsible for this 

interaction. Yeast CEN constructs were generated that encode 3×FLAG tagged full length 

or truncated Set1, and the Set1 protein is expressed from SET1 promoter (-400 to -1bp) 

(Figure 2.2A). The indicated constructs were transformed to set1∆ strain, and whole cell 

extracts of indicated strains were immunoprecipitated as described in Figure 2.1C. 

Interestingly, as shown in Figure 2.2B, the N terminus of Set1 (set11-689 and set11-375) 

interacts with RNAPII containing Ser5-P CTD, whereas the C terminus of Set1 (set1690-

1080 and set1380-1080) fails to. This result indicates that set11-375 is necessary and sufficient 

to interact with RNAPII containing Ser5-P CTD. To further define the Set1-RNAPII 


