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ABSTRACT OF THE DISSERTATION 

 

Tyrosine phosphorylation of histone H2A by CK2 regulates transcriptional 

elongation and DNA damage repair 

 

by 

Harihar Basnet  

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2014 

Professor Michael Rosenfeld, Chair 

 

In eukaryotes, genomic DNA is packaged into histone proteins, which can 

undergo post-translational modifications that are in turn critical in regulating 

transcription, the cell cycle, DNA replication, and DNA damage repair.  In this 

study, we identify a novel tyrosine phosphorylation in histone H2A (Y57) that is 

conserved from yeast to mammals.  Surprisingly, the phosphorylation is 

mediated by an unsuspected tyrosine kinase activity of casein kinase 2 (CK2).  

Mutation of the Y57 residue or inhibition of CK2 activity impairs transcriptional 

elongation, marked by a decrease in the recruitment of RNA polymerase II 



 

xi 

across active genes in yeast as well as mammalian cells.  Genome-wide binding 

analysis reveals that CK2 alpha, the catalytic subunit of CK2, binds across RNA 

polymerase II-transcribed coding genes and active enhancers.  Mutation of Y57 

causes a defect in transcriptional elongation and DNA damage repair.  At the 

molecular level, Y57 mutation causes a dramatic loss of H2B mono-ubiquitylation 

as well as H3K4me3 and H3K79me3 (histone marks associated with active 

transcription), a decrease in H2A mono-ubiquitylation and an increase in H2A 

S128 (H2AX S139 in mammals) phosphorylation (histone mark associated with 

DNA damage).  Mechanistically, both CK2 inhibition and H2A-Y57F mutation 

antagonize the H2B deubiquitylation activity of the SAGA complex, suggesting a 

critical role of this novel phosphorylation event in coordinating the activity of the 

SAGA complex during transcription and DNA damage repair.  Together, these 

results identify a new component of regulation in transcriptional elongation and 

DNA damage repair based on CK2-dependent tyrosine phosphorylation of the 

globular domain of H2A.  
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Introduction 

The major achievement of the last century in life sciences is the leap in 

our understanding about the details of life at the molecular level.   It is now clear 

that the blueprint of life resides in the deoxyribonucleic acid (DNA) that is 

compacted into the nucleus.  The DNA sequence called genome provides an 

identity not only to a species but also to an individual within a species.  The 

specific sequences responsible for this defining role remain to be identified.  

Although there is a difference in the DNA sequence between species and 

individuals, the majority of machineries within the cells are conserved from a 

simple one-celled organism like yeast to a complex organism like human.  

Regardless of the origin, each eukaryotic cell uses common fundamental 

machineries that maintain genomic integrity and regulate the expression of genes 

that are present in the genome.  An integral part of the genome are proteins 

called histones, which are highly conserved both in sequence and structure 

among species, and are important in packaging the long genome within a small 

nucleus.  Since genomic DNA is directly associated with histones, these proteins 

play a central role in determining the accessibility of the genome which in turn is 

critical in modulating gene expression and maintaining genomic integrity. 

Histones and their post-translational modifications 

 Histones are highly basic proteins between 11-40 KDa in size.  There are 

five different histones namely H2A, H2B, H3, H4 and H1.  Two of each H2A, 

H2B, H3 and H4 form an octamer, which is encompassed by one and a half turns
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 of genomic DNA (146 base pairs) to form a fundamental structure of chromatin 

called nucleosome1 (Fig. 1).  Two nucleosomes are connected together by the 

linker histone H1.  The structural and functional diversity in nucleosomes are 

achieved primarily through the presence of different variants of histones and their 

post-translational modifications.   

Each histone has several variants with some minor difference in the amino 

acid sequence2–8, and these differences play an important role in establishing 

functional diversity in the nucleosomes.  For example, H2AX is an H2A variant 

that has some additional amino acids on the C-terminus tail, which confer an 

additional role in DNA damage repair (DDR)9–11.  Likewise, H3.3, an H3 variant, 

has a few amino acid differences, and is specialized in gene activation2,4,7.  

Although different histone variants play important roles in regulating different 

biological functions such as regulation of gene expression, cell cycle and DDR, 

extensive post-translational modifications in histones play key roles in regulating 

different biological processes12,13.  Post-translational modifications in histones 

include phosphorylation, methylation, acetylation, ubiquitylation, adenosine 

diphosphate ribosylation, sumoylation, and citrullination12,14 (Fig. 1).  These 

modifications can affect chromatin compaction directly by virtue of the change in 

net charge in histones caused by such post-translational modifications.  For 

instance, phosphorylation adds negative charge to histones, and acetylation 

neutralizes the positive charge of the lysine residue.  In many cases, post-

translational modifications often modulate the binding of other chromatin 
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remodeling/modifying proteins, which can in turn alter chromatin structure.  Many 

chromatin-remodeling/modifying proteins have highly conserved domains that 

interact specifically with modified proteins15–18.  For example, BRCA1 C-terminus 

(BRCT) domain binds to phospho-serine19,20, Forkhead associated (FHA) domain 

to phospho-threonine21, Plant Homeo Domain (PHD), Tudor domain and PWWP 

(Pro-Trp-Trp-Pro) domain to methylated proteins15,18,22, Bromo domain to 

acetylated proteins16, and Src homology 2 (SH2) domain to phospho-tyrosine23.  

In some cases, post-translational modifications in histones can modulate the 

function of other enzymes allosterically24–26.  Thus, post-translational 

modifications in histones can directly affect chromatin compaction or indirectly 

regulate compaction by modulating the recruitment/activity of other proteins 

involved in chromatin modification or remodeling.     

 With the advancement in Mass Spectrometry (MS), a large number of 

histone modifications have been identified6,14,27, though the list may still be far 

from complete.  Even among the identified histone modifications, only a few of 

them have been well characterized.  In many cases, the mechanisms that 

regulate the functionally characterized modifications are poorly understood. 



4 

 

 

Figure 1. Diagram of a nucleosome. Structure of a nucleosome showing the histones (H2A, 
H2B, H3, H4 and H1), DNA and some post-translational modifications of the histone tails along 
with few characterized crosstalks between histone modifications.   

 

Histone ubiquitylation 

 One of the most abundant post-translational modifications in histones is 

the addition of a small 8.5-kDa protein called ubiquitin to the lysine residue (K) 

through a process called ubiquitylation28.  Ubiquitylation occurs through the 

coordinated action of three different enzymes29, namely, E1-ubiquitin activating 

enzyme (E1), E2-ubiquitin conjugating enzyme (E2) and E3-ubiquitin ligase (E3).  

The E3 ligases can add a single ubiquitin or a chain of poly-ubiquitin during the 

reaction.  In the case of poly-ubiquitylation, the chains are commonly linked 
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through K48 or K63 residue in the ubiquitin.  K48-linked polyubiquitylation usually 

targets proteins for degradation through proteasomes30 whereas K63-linked 

polyubiquitylation acts as a signaling modification31.  Ubiquitylation is a dynamic 

process, and this modification can be removed by another class of enzymes 

called deubiquitylases (DUBs)32.   

All five histones have been reported to be ubiquitylated28,33–36.  The 

majority of ubiquitylation exist as mono-ubiquitylation, which regulates chromatin 

structure rather than targeting the protein for degradation28,37.  H3, H4, and H1 

ubiquitylation is less abundant compared to H2A and H2B ubiquitylation, and the 

actual functions of these modifications are yet to be characterized.  On the other 

hand, H2A and H2B ubiquitylation is very abundant, and their functional 

significance has been well studied37–48; it is estimated that H2A mono-

ubiquitylation accounts for about 5-15% of total H2A, and H2B mono-

ubiquitylation is about 1-2% in vertebrates33.   

H2B mono-ubiquitylation is highly conserved from yeast to mammals (Lys 

123 in yeast and Lys 120 in mammals), and is primarily involved in transcriptional 

elongation45,49.  Most of the functional studies on H2B mono-ubiquitylation have 

been carried out in the yeast system.  In yeast, ubiquitylation is mediated by the 

Rad6/Bre1 ubiquitin ligases50,51, and has been shown to be necessary for the 

establishment of other important histone marks like H3K4 and H3K79 

methylations52.  Furthermore, components of the polymerase II associated factor 

(Paf1) complex, such as Paf1 and Rtf1, have also been shown to be essential for 
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the establishment of H2B mono-ubiquitylation51,53,54.  Two DUBs, Ubp10 and 

Ubp8, have been shown to deubiquitylate H2B in yeast55–57.  Ubp8 is the major 

H2B DUB that is a component of the Spt-Ada-Gcn5 Acetyl transferase (SAGA) 

complex and has been shown to play an important role in transcriptional 

elongation55.  Normally, the addition and removal of a post-translational 

modification serve opposite functions; however in the case of H2B mono-

ubiquitylation, both ubiquitylation and deubiquitylation positively regulate 

transcriptional elongation55.  Another mystery associated with this post-

translational modification is that the ubiquitylation machinery and the 

deubiquitylase complex are both localized in actively transcribed regions53–55, 

though the mechanism that coordinates the activity of the two complexes 

remains unknown58.  The Ubp10 deubiquitylase, on the other hand, is involved in 

telomerase silencing56,57.      

H2A mono-ubiquitylation is also a highly conserved post-translational 

modification that exists abundantly in multi-cellular organisms; however it is 

undetectable in the budding yeast28,58.  Unlike H2B mono-ubiquitylation, H2A 

mono-ubiquitylation is more complex in terms of the number of sites that are 

ubiquitylated, the enzymes involved, and the associated functions.  H2B 

ubiquitylation occurs primarily on one site (K123 in yeast and K120 in mammals); 

however, H2A has been shown to ubiquitylated at multiple sites (K13, K15, K118 

and K119)47,59.  Ring1/Ring2 (enzymatic components of the Polycomb Repressor 

Complex (PRC) 1), 2A-HUB, RNF8, BRCA1, and RNF168 have been shown to 
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ubiquitylate H2A39,46,47,59–62, while USP16, USP21, 2A-DUB, and BAP1 have 

been shown to deubiquitylate H2A38,40,43,63.  It is noteworthy that both H2A and 

H2B can be deubiquitylated by the SAGA complex64, which is the only common 

link between H2A and H2B mono-ubiquitylation identified so far.  This 

modification has been shown to play diverse functions, that include gene 

silencing, X-chromosome inactivation, cell cycle regulation, DDR, and 

transcriptional activation38–41,43,46,47,59,60,62,63,65,66 (Fig. 2).  

Despite the broad roles of H2A and H2B deubiquitylation, very little is 

known about the molecular mechanism that regulates such modification under 

different biological contexts.  In 2002-2003, it was reported that the PHD domain 

of the CBX subunit of the PRC1 complex interacts with H3K27me3 that is 

created by the PRC2 complex, targeting the PRC1 complex to specific loci to 

regulate H2A mono-ubiquitylation67–69.  This result was further supported by the 

co-localization of PRC1 and PRC2 in chromatin70.  However, in the following 

years, it became clear that the PRC2 complex is not required for the creation of 

H2A mono-ubiquitylation65,71,72.  These findings indicate that there are additional 

mechanisms that are involved in the regulation of H2A mono-ubiquitylation.    
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Figure 2.  Diagram showing regulation and roles of H2A mono-ubiquitylation.  A diagram 
representation of current understanding about the regulation and roles of H2A mono-
ubiquitylation in different biological processes.   

 

Crosstalk between histone modifications 

One common mode of regulation of histone modifications is crosstalk 

between modifications (Fig. 1).  Basically, one post-translational modification in a 

histone can affect another modification by recruiting the writer or the eraser of the 

other modification, or by enhancing or inhibiting the activity of another enzyme 

allosterically43,73,74.  For instance, H2B mono-ubiquitylation regulates H3K4 

methylation by regulating the binding of the Cps35 subunit of the COMPASS 

complex that creates H3K4 methylation44.  Likewise, deacetylation of the H3 N-

terminal tail facilitates H3S10 phosphorylation by Aurora kinase75.  Numerous 

examples of such crosstalks among histone modifications have been 

described44,73,76.  The existence of a potential crosstalk between H2A mono-

ubiquitylation and other histone modifications remains largely unexplored.  In 
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non-histone proteins, there are several examples of crosstalks between 

ubiquitylation and phosphorylation76, suggesting the possibility that a crosstalk 

between phosphorylation and ubiquitylation in H2A might exist.  Indeed, testing 

this hypothesis revealed a novel phosphorylation in the Y57 residue in H2A that 

is found to regulate H2A mono-ubiquitylation in the K119 residue in H2A as well 

as H2B mono-ubiquitylation in yeast.  Casein kinase 2 (CK2) is identified as the 

kinase responsible for this phosphorylation, which is shown to occur in the 

context of the nucleosome rather than the full-length soluble protein.  Y57 

phosphorylation is also found to be an important regulator of H3K4me3, 

H3K79me3, and H2A-S128 phosphorylation in yeast.  Mechanistically, Y57 

phosphorylation is shown to antagonize the DUB activity of the SAGA complex.  

Furthermore, Y57 is shown to be important for cell-growth, transcriptional 

elongation, and DDR.  Last but not least, a novel function of CK2 in regulating 

transcriptional elongation in yeast as well as mammalian cells is uncovered. 

 



 
 

10 

Chapter 1.  A novel H2A-Y57 phosphorylation regulates H2A-ubiquitylation 

in cis 

To test the hypothesis that a crosstalk exists between phosphorylation and 

ubiquitylation in H2A, we generated a mutant library of Flag-tagged H2AX, a 

common variant of H2A, in which we mutated each serine/threonine residue to 

alanine and each tyrosine residue to phenylalnine, and tested the effects of these 

mutations on ubiquitylation.  H2AX was used in this study as it includes a few 

additional serine/threonine/tyrosine residues along with all the ones present in 

canonical H2A, thus allowing us to detect any crosstalk that is present only in 

H2AX as well.  The H2AX mutants were expressed in 293T cells, and the level of 

mono-ubiquitylation in each mutant was measured by immunoblotting.  Mono-

ubiquitylated H2AX migrates more slowly in the gel, and could be detected as a 

shifted band in immunoblotting experiments.  Thus, the antibody against the Flag 

tag or H2AX could be used to determine the level of total H2AX and mono-

ubiquitylated H2AX.  Previous studies have verified that the shifted band is 

mono-ubiquitylated H2AX, not other ubiquitin-like modifications59.  We measured 

the level of H2AX mono-ubiquitylation by Flag antibody, and found that mutation 

of the Y57 residue resulted in a reduced level of mono-ubiquitylation (Fig. 3a).  

Since the Y57 residue is conserved in canonical H2A, we tested if similar 

regulation occurs in canonical H2A as well.  Indeed, Y57 mutation resulted in a 

decreased level of H2A mono-ubiquitylation (Fig. 3b).  Next, to eliminate the 

possibility that the observed regulation is an artifact of transient over-expression,
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we made stable 293T cells expressing either WT or Y57F mutant H2A/H2AX, 

and measured the level of mono-ubiquitylation by immunoblotting.  This 

experiment also showed a decrease in the level of mono-ubiquitylation in the 

Y57F mutant (Fig. 3c), suggesting that phosphorylation in the Y57F residue in 

H2A/H2AX might potentially regulate mono-ubiquitylation in H2A/H2AX.  H2A is 

ubiquitylated in several residues (K119, K118, K13 and K15).  We therefore 

tested whether mutation in Y57 specifically affects ubiquitylation in a specific 

residue.  Since only the antibody specific for K119-ubiquityl H2A is available, we 

first tested if Y57F mutation affects ubiquitylation in the K119 residue.  We 

immunoprecipitated WT and H2A-Y57F mutant under denaturing conditions and 

immunoblotted with the H2A-K119 ubiquityl antibody.  Interestingly, we found that 

K119 ubiquitylation was defective in the H2A-Y57F mutant (Fig. 3d).  The 

immunoprecipitation was carried out under denaturing conditions to eliminate 

background from interacting proteins.  The lysine mutants of H2A demonstrated 

the specificity of the antibody (Fig. 3d).  The Y57 residue in H2A is located in the 

globular region of H2A, which suggests the possibility that mutation of this 

residue causes some structural defects that lead to the observed reduction in 

H2A mono-ubiquitylation.  To address this, we examined whether Y57 mutation 

in H2A makes the protein non-functional.  To do this, we used an elegant genetic 

system that can test if the mutation makes H2AX non-functional in vivo.  

Functional H2AX is required for the formation of DNA damage induced MDC1 

and 53BP1 foci formation77,78.  Thus, we reconstituted H2AX-/- MEFs with either 

WT or H2AX-Y57F, and tested if the mutant H2AX can rescue the defect of DNA 
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damage-dependent MDC1 and 53BP1 foci formation.  The reconstituted MEFs 

were treated with gamma irradiation to induce DNA damage.  Like WT H2AX-

reconstituted MEFs, H2AX-Y57F-reconstituted MEFs formed DNA damage-

dependent MDC1 and 53BP1 foci (Fig. 3e), demonstrating that Y57F mutation in 

H2AX does not compromise the functionality of the protein.  Next, we tested if the 

residue is phosphorylated.  Flag-tagged tyrosine mutants of H2A were expressed 

in 293T cells, immunoprecipitated under denaturing conditions, and 

immunoblotted with pan phospho-tyrosine antibody.  This experiment showed a 

decreased level of phosphorylation in Y39F and Y57F mutants suggesting that 

these residues might be phosphorylated (Fig. 3f).  Finally, we employed Mass 

Spectrometry (MS) to verify the physical existence of H2A-Y57 phosphorylation 

in vivo.  Histone extracts from 293T cells were digested with trypsin, and post-

translational modifications in the proteins were analyzed by MS.  As expected, 

we observed several peptides with H2A-Y57 phosphorylation (Fig. 3g), firmly 

establishing the existence of H2A-Y57 phosphorylation in vivo.  

Chapter 1, in part, has been accepted for publication of the material as it 

may appear in Nature 2014. Basnet, Harihar; Su, Xue B.; Tan, Yuliang; 

Meisenhelder, Jill; Merkurjev, Daria; Ohgi, Kenneth A.; Hunter, Tony; Pillus, 

Lorraine & Rosenfeld, Michael G. Nature Publishing Group. 2014. The 

dissertation author was the primary investigator and author of this paper.   
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Figure 3. A novel H2A-Y57 phosphorylation regulates H2A-ubiquitylation in cis.  (a-d) 
Mutation in Y57 in H2A/H2AX affects mono-ubiquitylation in cis.  (a) Serine/threonine and 
tyrosine residues in Flag-H2AX were mutated to alanine and phenylalanine respectively, 
expressed in 293T cells, and monou-biquitylation in the mutant H2AX was evaluated by 
immnoblotting using Flag antibody.  Arrow indicates the Y57 residue.  (b) Flag- H2A/H2AX or 
Y57F mutant was transiently expressed in 293T cells, and the level of mono-ubiquitylation was 
measured by immunoblotting using Flag antibody.  (c) Flag-SBP WT or Y57F mutant H2A/ H2AX 
was stably expressed in 293T cells, and the level of H2A/ H2AX mono-ubiquitylation was 
measured by immunoblotting using Flag antibody.  (d) Indicated H2A mutants were expressed in 
293T cells, immunoprecipitated under denaturing conditions, and immunoblotted with indicated 
antibodies. (e) H2A-Y57F mutant protein is functional.  H2AX-/- MEFs were reconstituted with 
either Vector (SF), SF-WT H2AX or SF-H2AX-Y57F, and immunostained for the indicated 
antibodies after irradiation. (f, g) The Y57 residue in H2A is phosphorylated. (f) Indicated Flag-
tagged H2A mutants were expressed in 293T cells, immunoprecipitated under denaturing 
conditions, and immunoblotted with the indicated antibodies. (g) Histone extracts from 293T cells 
were digested with trypsin, and post-translational modifications in histones were analyzed by 
Liquid Chromatography (LC)-MS.  Shown is an H2A peptide with phosphorylation in the Y57 
residue.  Arrow indicates the Y57 residue.  
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Chapter 2.  Testing of H2A-Y57 phospho antibody 

To further characterize the function of H2A-Y57 phosphorylation, we 

developed an antibody specific for phosphorylated H2A-Y57.  The specificity of 

the antibody was tested by peptide blocking assay, calf intestinal phosphatase 

(CIP) treatment, and dot blot assay.  The antibody detected proteins 

corresponding to the size of H2A, H2A-ub1, and H2A-ub2 (Fig. 4a), and the 

antibody signal was blocked when it was pre-incubated with H2A peptide 

phosphorylated at Y57 but not with the corresponding unphosphorylated H2A 

peptide (Fig. 4a).  The dot blot assay also showed specific recognition of the 

phosphorylated peptide (Fig. 4b).  Likewise, histone extracts dephosphorylated 

by CIP treatment showed a reduced signal compared to mock-treated samples 

(Fig. 4c).  Collectively, these results demonstrate the phospho-specificity of the 

antibody.  

Chapter 2, in part, has been accepted for publication of the material as it 
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Meisenhelder, Jill; Merkurjev, Daria; Ohgi, Kenneth A.; Hunter, Tony; Pillus, 

Lorraine & Rosenfeld, Michael G. Nature Publishing Group. 2014. The 

dissertation author was the primary investigator and author of this paper. 



15 

 

 

Figure 4.  Testing of H2A-Y57 phospho antibody. (a-c) H2A-Y57 phospho antibody specifically 
detects phospho-H2A. (a) Nuclear extracts from 293T cells were immunoblotted with anti-p-Y57 
H2A pre-incubated with indicated peptides, and re-probed with anti-H2A.  (b) The anti-phospho-
Y57-H2A antibody specifically recognizes H2A peptide phosphorylated at Y57 but not the 
unphosphorylated peptide.  Indicated peptides were spotted on nitrocellulose, and probed with 
anti-phospho-Y57 H2A.  (c) Histone extracts from 293T cells were treated with calf intestinal 
phosphatase (CIP) for 1 hour, and immunoblotted as indicated.   
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Chapter 3.  H2A-Y57 is phosphorylated in yeast, and is required for normal 

growth. 

We next investigated the biological role of H2A-Y57 phosphorylation.  The 

most rigorous approach to identify the biology associated with a post-

translational modification in a protein would be to mutate the residue, and dissect 

the phenotype caused by the mutation.  In mammals, there are multiple genomic 

copies of H2A, and the Y57 residue is conserved in all variants of H2A (Fig. 5a).  

Thus, it would be technically challenging to perform mutational studies in the 

mammalian system.  Hence, we considered budding yeast to test the function of 

this novel phosphorylation, as it contains only three H2A variants, and point 

mutational study in histones is possible79,80.  The fact that the Y57 residue is 

highly conserved from yeast to mammals (Fig. 5b) and that most of the important 

histone modifications are also conserved from yeast to mammals12,15,44,50,81,82 

make budding yeast a viable system to study the function of H2A-Y57 

phosphorylation.  However, previous studies have shown that mutation of Y57 to 

alanine causes lethality in yeast79,80.  Structurally, alanine lacks the aromatic ring 

of tyrosine along with the hydroxyl group (Fig. 5c).  It is possible that the 

aromatic ring in the globular domain of H2A has a critical structural role.  We 

therefore made a more conservative substitution for tyrosine with phenylalanine 

that contains the aromatic ring but only misses the hydroxyl group that can be 

phosphorylated (Fig. 5c), and tested if the Y-to-F mutation exhibits a different 

phenotype.  To our great surprise, we found that H2A-Y58F mutant yeast was 
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viable, and showed a slow growth phenotype (Fig. 5d).  Y57 in mammals 

corresponds to the Y58 residue in budding yeast (Fig. 5b).  However, the same 

mutation caused lethality in HTZ1 (a variant of H2A encoding H2AZ)-null 

background (Fig. 5d).  H2AZ plays a role in transcriptional activation83–86, and 

HTZ1 deletion alone shows a mild defect in growth (Fig. 5d).  This result 

demonstrates that there is a negative genetic interaction between H2AZ and 

H2A-Y58F mutation, and suggests an important role of H2A-Y58 phosphorylation 

in transcriptional activation.  In H2AZ, the residue corresponding to Y57 (Y65) 

and surrounding amino acids are conserved.  We next investigated the effect of 

double mutation of the corresponding tyrosine residues in both H2A and H2AZ 

on growth.  We found that the double mutation caused an extremely slow growth 

phenotype but rescued the lethality in HTZ1 deletion (Fig. 5e).  This result 

indicates that the potential H2A-Y58 phosphorylation is not essential for survival.  

Next, we tested if the residue is phosphorylated in yeast.  Flag-tagged WT and 

H2A-Y58F were expressed along with untagged WT H2A as a control in yeast, 

and whole cell extracts (WCEs) were immunoprecipitated under denaturing 

conditions using Flag antibody, and tyrosine phosphorylation was measured by 

pan-phospho-tyrosine antibody.  The level of tyrosine phosphorylation was 

reduced in H2A-Y58F yeast compared to the WT (Fig. 5f), indicating that this 

residue is possibly phosphorylated.  As expected, phosphorylation was also 

detected by an antibody specific to phospho-H2A-Y57 when WCEs from WT and 

H2A-Y58F yeast were immunoblotted (Fig. 5g).  
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Figure 5. H2A-Y57 is phosphorylated in yeast, and is required for normal growth.  (a) The 
Y57 residue is conserved in all variants of H2A.   Sequence of indicated H2A variants in 
mammals surrounding the Y57 residue (arrow) is shown.  (b) The Y57 residue in H2A is highly 
conserved.  Comparison of H2A sequence surrounding the Y57 residue (arrow) in the indicated 
organisms is shown.  (c) Structure of tyrosine, alanine, and phenylalanine is shown. (d) The 
conserved Y58 residue in H2A is required for normal growth, and H2A-Y58F mutation is lethal in 
the absence of H2AZ in yeast.  Five-fold serial dilutions of the following transformants were plated 
on SC-His-Ura for growth control and 5-FOA for the removal of pJH33: hta-htbΔ HTZ1 
(LPY14461) and hta-htbΔ htz1Δ (LPY19236) strains were transformed with WT H2A (pLP2133), 
pRS313 (vector), H2A-Y58A (pLP3211) or H2A-Y58F (pLP3213).  (e) The H2A-Y58 residue has 
overlapping functions with the H2AZ-Y65 residue in yeast.  Five-fold serial dilutions of the 
following transformants were plated on SC-His-Ura-Trp for growth and 5-FOA for the loss of 
pJH33: H2A htz1Δ (LPY19259) and H2A-Y58F htz1Δ (LPY19261) were transformed with pRS314 
(vector), H2AZ (pLP2252) or H2AZ-Y65F (pLP3200). (f, g) The Y58 residue in H2A is 
phosphorylated in S. cerevisiae.  (f) Flag-tagged H2A and H2A-Y58F were immunoprecipitated 
from WT (LPY14828) and H2A-Y58F (LPY19464) cells under denaturing conditions using anti-
Flag antibody and immunoblotted with the indicated antibodies. (g) Whole cell extracts were 
prepared under denaturing conditions and immunoblotted as indicated. 
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Chapter 4. H2A-Y57/58 phosphorylation regulates transcriptional 

elongation 

Next, we investigated the role of H2A-Y58 phosphorylation by dissecting 

the phenotype of the H2A-Y58F yeast.  Distinct post-translational modifications in 

histones are involved in distinct biological functions.  For example, phospho-

Ser139-H2AX is specifically involved in DNA damage repair9–11,20,77,87,88.  

Likewise, H2B-ub, H3K36me3, and H3K79me2/3 are involved in transcriptional 

elongation45,55,89–91, while H3S10 phosphorylation is involved in mitosis92,93.  

Analysis of histone modifications in H2A-Y58F yeast could provide some 

information on the biological processes that are affected by the mutation.  We 

examined several histone modifications that are known to be involved in DNA 

damage repair, cell cycle, and transcription in the H2A-Y58F yeast.  Regarding 

the modifications involved in transcriptional regulation, H2A-Y58F mutation 

specifically lowered the levels of H2B-ub, H3K4me3, and H3K79me3 (Fig. 6a), 

while the same mutation caused a moderate increase in H3K27 acetylation (Fig. 

6a).  This result is of particular significance because H2B-ub has been 

established to be involved in transcriptional elongation45,49, and H2B-ub has also 

been reported to positively regulate H3K4me3 and H3K79me352, histone 

modifications associated with transcriptional elongation, suggesting the likelihood 

that H2A-Y58F mutation might affect transcriptional elongation.  To assess the 

effect of H2A-Y58F mutation on transcriptional elongation, we tested if the 

mutant yeast shows growth sensitivity to 6-azauracil (6-AU).  6-AU inhibits IMP 
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dehydrogenase that is necessary for the synthesis of GTP, and such inhibition 

lowers the level of endogenous GTP and causes growth defects resulting from 

impaired transcriptional elongation53,54.  As anticipated, the H2A-Y58F mutant 

yeast showed sensitivity to 6-AU, indicating a defect in transcriptional elongation 

(Fig. 6b).  

At the molecular level, transcriptional elongation is defined by the traveling 

of RNA polymerase II (Pol II) from the promoter to the gene body.  We tested if 

there is a defect in Pol II binding in the gene body of actively transcribed genes in 

the H2A-Y58F yeast strain by chromatin immunoprecipitation (ChIP) followed by 

quantitative polymerase chain reaction (qPCR).  In yeast, increasing the culture 

temperature from 30°C to 37°C induces the expression of heat shock genes.  In 

other words, the increase in temperature causes the recruitment of Pol II to the 

gene bodies of heat shock-induced genes.  We then checked if the binding of Pol 

II in the heat shock-induced genes is compromised in the H2A-Y58F yeast upon 

heat shock.  Consistent with the 6-AU assay result, we found that Pol II binding 

was reduced in several heat shock-induced genes94 in yeast carrying the H2A-

Y58F mutation (Fig. 6c).  The defect was further increased in yeast carrying Y-

to-F mutations in both H2A and H2AZ (Y65F) (Fig. 6c).  In addition, Pol II binding 

was reduced in the gene body of PYK1, a housekeeping gene (Fig. 6c).  To 

ensure that the observed reduced binding of Pol II was not due to reduced 

expression of Pol II in the H2A-Y58F yeast, we examined the protein level of Pol 

II in WT and the H2A-Y58F yeast, and found that the Pol II large subunit protein 
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level was comparable in WT and the H2A-Y58F yeast (Fig. 6d).  Since the output 

of transcription is messenger ribonucleic acid (mRNA), we tested if the defect in 

transcriptional elongation is also reflected at the mRNA level.  We detected a 

lower level of mRNA of the corresponding genes in the mutant yeast by reverse 

transcription (RT)-real time qPCR, further supporting the role of H2A-Y58 

phosphorylation in transcriptional elongation (Fig. 6e).  We also tested the effect 

of the mutation in H2AZ alone on transcription by RT-qPCR, and found that there 

is a mild effect in the heat shock induced genes (Fig. 6f).   

While the mutational results in yeast strongly suggested a role for H2A-

Y58 phosphorylation in transcriptional elongation, it cannot be ruled out that the 

observed phenotype is due to the loss of the hydroxyl group of the tyrosine rather 

than a loss in Y58 phosphorylation itself.  To address this, we developed an 

assay to test if H2A-Y57 phosphorylation is involved in transcriptional elongation.  

Flavopiridol is a drug that blocks transcriptional elongation by inhibiting the CDK9 

mediated kinase activity of Positive transcriptional elongation factor b (PTEF b)95.  

We treated 293T cells with flavopiridol, released the inhibition by washing out the 

drug, and checked H2A-Y57 phosphorylation.  Like H2B mono-ubiquitylation, 

which marks transcriptional elongation, we found that flavopiridol treatment 

resulted in a decrease in H2A-Y57 phosphorylation, and the phosphorylation is 

restored upon removal of the drug (Fig. 6g).  A control histone mark, H3K4me2, 

did not change with the drug treatment (Fig. 6g).  A change in p-Ser2 C-terminal 

domain (CTD) of Pol II, substrate of PTEF b, verified that the assay worked.  
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Collectively, these results demonstrate a role of H2A-Y57/58 phosphorylation in 

transcriptional elongation. 
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Figure 6.  H2A-Y57/58 phosphorylation regulates transcriptional elongation (a) H2A-Y58F 
mutation specifically diminishes H2B mono-ubiquitylation, and H3K4- and H3K79-trimethylation 
marks.  Whole cell extracts from WT (LPY17876) and H2A-Y58F (LPY17878) strains were 
immunoblotted as indicated.  Each lane is an independent biological sample.  (b-e) H2A-Y58F 
mutant cells are defective in transcriptional elongation.  (b) Five-fold serial dilutions of WT 
(LPY18192) and H2A-Y58F (LPY18194) cells were plated on SC supplemented with NH4OH 
(solvent) or 100µg/mL 6-azauracil (6-AU).  (c) Pol II binding was reduced in tyrosine mutants of 
H2A and H2AZ.  Pol II binding in the indicated genes was measured by ChIP-qPCR in WT H2A 
(LPY17876), H2A-Y58F (LPY19806), and H2A-Y58F H2AZ-Y65F (LPY19894) cells that were 
grown at 30°C or shifted to 37°C for 10 min.  Data represent averages of three independent 
experiments (mean + SEM, * indicates P<0.05, ** indicates P<0.01 by student’s t-test).  The ORF 
of the genes and the regions amplified by the primer pairs are indicated.  (d) Pol II protein level is 
comparable in WT and H2A-Y58F yeasts.  Whole cell extracts from WT (LPY17876) or H2A-
Y58F (LPY17878) yeasts were immunoblotted as indicated.  (e, f) H2A-Y58F mutation affects 
transcription.  (e) WT H2A (LPY17876), H2A-Y58F (LPY19806) and H2A-Y58F H2AZ-Y65F 
(LPY19894) yeasts, and (f) WT (LPY5), and htz1Δ strains (LPY11654) transformed with vector 
(pRS314), HTZ1 (pLP2252) or htz1-Y65F (pLP3200) were grown at 30°C or shifted to 37°C for 
10min, RNA was extracted, and transcript levels of the indicated genes were measured by RT-
qPCR and normalized to SCR1, a Pol III transcript.  Data represent technical triplicates of three 
independent experiments (mean + SEM, * indicates P<0.05, ** indicates P<0.01 as determined 
by student’s t-test).  (g) Y57 in H2A is phosphorylated during transcriptional elongation.  293T 
cells were treated with vehicle (DMSO) or flavopiridol (FP) (1 µM) for 4 ½ hr, or treated with FP 
for 4 ½ hr, then FP was washed out and harvested at the indicated times, and nuclear extracts 
were immunoblotted as indicated.  Each lane is an independent biological sample.  
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Chapter 5.  H2A-Y57/58 phosphorylation regulates DNA damage repair 

One of the histone modifications affected by H2A-Y58F mutation was 

Ser128 phosphorylation in H2A, which was increased in the H2A-Y58F yeast 

(Fig. 7a).  This phosphorylation increases during DNA damage, and is a highly 

conserved hallmark of DNA damage9.  An increase in phosphorylation thus 

suggests a defective DDR program in the H2A-Y58F yeast.  We investigated if 

the mutant yeast is more sensitive to DNA damaging agents using ultra-violet 

(UV) rays and hydroxyurea (HU) as inducers of DNA damage.  Indeed, the H2A-

Y58F mutant yeast was sensitive to the DNA damaging agents (Fig. 7b).  Next, 

we tested if similar effects are observed in mammalian cells.  In mammals, the 

residue corresponding to Ser128 in yeast is present only in the H2AX variant of 

H2A (Ser139).  We reconstituted H2AX-/- MEFs with either WT or H2AX-Y57F, 

and checked the level of Ser139 phosphorylation in H2AX (referred as γH2AX).  

DNA damage was induced by treating cells with gamma irradiation, and γH2AX 

level was monitored by immunoblotting.  Both WT and H2AX-Y57F cells showed 

an increase in the level of γH2AX after irradiation.  However, only the cells 

reconstituted with H2AX-Y57F retained high levels of γH2AX 10 hours post 

irradiation (Fig. 7c), suggesting higher levels of DNA damage in H2AX-Y57F 

cells.  This result suggests a role for H2AX-Y57 phosphorylation in the DDR 

program in mammals.  Next, we tested if H2A-Y57 phosphorylation changes 

following DNA damage.  We observed a decrease in H2A-Y57 phosphorylation 

post-irradiation, and the phosphorylation returned to normal level 6 hours post 
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irradiation (Fig. 7d).  Collectively, these results suggest that H2A-Y57/58 

phosphorylation is necessary for normal DNA damage repair process.   

 

Figure 7. H2A-Y57/58 phosphorylation regulates DNA damage repair.  (a, b) H2A-Y58F 
mutant yeast has defective DNA damage repair system.  (a) H2A-Y58F yeast has higher level of 
DNA damage indicative γH2AX mark.  Whole cell extracts from WT (LPY17876) and H2A-Y58F 
(LPY17878) strains were immunoblotted as indicated.  Each lane is an independent biological 
sample. (b) Five-fold serial dilutions of WT (LPY18192) and H2A-Y58F (LPY18194) cells were 
plated on SC supplemented with 100 mM Hydroxyurea (HU) or treated with indicated dose of 
Ultra violet (UV) light.  (c, d) H2A-Y57 phosphorylation is involved in DNA damage repair in 
mammals.  (c) H2AX-/- MEFs were reconstituted with SF-WT H2AX or SF-H2AX-Y57F, irradiated 
(IR) with 5 Gy dose, and kinetics of γ-H2AX was monitored by immunoblotting as indicated.  (d) 
293T cells were irradiated with 5 Gy IR, and kinetics of the indicated H2A/H2AX modifications 
were monitored by immunoblotting with the indicated antibodies.  
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Chapter 6.  H2A-Y58F mutation enhances H2B deubiquitylation by SAGA 
complex 

We investigated the mechanism through which H2A-Y58 phosphorylation 

regulates H2B ubiquitylation.  It is possible that the phosphorylation facilitates the 

ubiquitylation process or prevents the deubiquitylation events.  In yeast, H2B is 

ubiquitylated by the Rad6/Bre1 ubiquitin ligase, and the Paf1 protein complex is 

required for creating the ubiquitylation whereas UBP8 deubiquitylates H2B during 

transcriptional elongation.  We first determined whether the recruitment of some 

of the components known to be involved in H2B ubiquitylation is impaired in the 

H2A-Y58F yeast by ChIP-qPCR.  We found that the binding of Paf1 and Rtf1 was 

comparable in both WT and H2A-Y58F yeast whereas the binding of Rad6 was 

slightly reduced in the H2A-Y58F yeast in the tested genes (Fig. 8a-c).  The 

protein levels of Paf1, Rtf1, and Rad6 were comparable in both WT and the H2A-

Y58F yeast as detected by immunoblotting (Fig. 8a-c).   

Next, we tested if the phosphorylation is preventing the deubiquitylation 

event.  We checked the level of H2B mono-ubiquitylation in the UBP8-deleted 

strain.  Intriguingly, the deletion of UBP8 restored the defect in H2B mono-

ubiquitylation in the H2A-Y58F yeast (Fig. 8d).  To our great surprise, we found 

that the restoration of H2B mono-ubiquitylation only partially rescued the defect 

in H3K79me3, and H3K4me3 remained low in the H2A-Y58F yeast (Fig. 8d).  

This result was unexpected because several studies have previously reported 

that H2B mono-ubiquitylation regulates H3K4me3 and H3K79me352,96.  However, 

our result is consistent with a recent report suggesting that H2B mono-
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ubiquitylation-creating machinery is important for the establishment of H3K4me3 

and H3K79me3, not the H2B mono-ubiquitylation itself97.  Our result also 

demonstrates that the H2B ubiquitylation machinery is functional in the H2A-

Y58F yeast, and the mutation is regulating DUB activity and not ubiquitylation 

activity.  

We tested if the restoration of the H2B mono-ubiquitylation rescues the 

defect in transcriptional elongation observed in the H2A-Y58F yeast.  We 

checked Pol II binding in actively transcribed genes by ChIP-qPCR in two 

constitutively active genes, PYK1 and PMA1, and found that Pol II binding was 

still reduced in the H2A-Y58F yeast with UBP8 deletion (Fig. 8e).  Likewise, the 

transcripts of the corresponding genes also showed similar patterns (Fig. 8f).  In 

addition, UBP8 deletion did not rescue the defect in growth in the H2A-Y58F 

yeast (Fig. 8g).  Collectively these results suggest that the physiological effects 

of H2A-Y58 mutation are linked to, but extend beyond, the loss of H2B 

monoubiquitylation. 
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Figure 8. H2A-Y58F mutation enhances H2B deubiquitylation by SAGA complex.  (a- c) The 
H2A-Y58 mutation has moderate to no effect on the recruitment of the H2B ubiquitylation 
machinery.  Binding of (a) Rtf1-HA, (b) Paf1-Myc, and (c) Rad6-HA was measured by ChIP-
qPCR using tagged strains mentioned in the Yeast strains list.  Expression of the tagged proteins 
was verified by immunoblotting.  ORFs of the genes, and the regions amplified by the primer pairs 
are indicated. (d) SAGA complex component (UBP8) deletion rescues the defect in H2B mono-
ubiquitylation in the H2A-Y58F yeast mutant.  Whole cell extracts from WT H2A UBP8 
(LPY16267), H2A-Y58F UBP8 (LPY16269), WT H2A ubp8Δ (LPY16563), H2A-Y58F ubp8Δ 
(LPY16565), and H2B-K123R ubp8Δ (LPY18606) strains were immunoblotted as indicated.  Each 
lane is an independent biological sample. (e-g) Restoration of H2B mono-ubiquitylation is not 
sufficient to rescue defects in transcriptional elongation and growth observed in H2A-Y58F yeast.  
(e) UBP8 deletion does not rescue Pol II binding in the H2A-Y58F mutant.  Pol II binding in the 
WT H2A UBP8 (LPY16267), H2A-Y58F UBP8 (LPY16269), WT H2A ubp8Δ (LPY16563) and 
H2A-Y58F ubp8Δ (LPY16565) strains were measured by ChIP-qPCR.  Data represent triplicates 
of three independent experiments (mean + SEM, * indicates p<0.05, ** indicates p<0.01 as 
determined by student’s t-test).  The ORF of the indicated genes and the regions amplified by the 
primer pairs are indicated.  (f) UBP8 deletion does not rescue the defect in transcriptional output 
in the H2A-Y58F yeast.  The mRNA levels of the indicated genes were determined by RT-qPCR 
and normalized to SCR1 transcript.  Data represent triplicates of two independent experiments 
(mean + SEM).  (g) UBP8 deletion does not rescue the growth defect in the H2A-Y58F yeast.  
UBP8 (KY1600) and ubp8Δ strains (KY2248) transformed with WT H2A or H2A-Y58F were 
plated at 2.5-fold serial dilutions on SC-His-Ura for growth and 5-FOA for the removal of pJH33.
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Chapter 7.  CK2 phosphorylates the Y57 residue in H2A, and prevents H2B 

deubiquitylation. 

The next question was which protein kinase phosphorylates Y57/Y58 

residue in H2A.  One of the several approaches that we employed to identify the 

potential kinase responsible for the phosphorylation of H2A-Y57 residue was to 

identify the proteins that interact with either WT or H2AX-Y57F.  Enzymes and 

substrates have to interact specifically during reaction, so in some cases it is 

possible to identify the kinase for a substrate of interest by co-

immunoprecipitation11.  We expressed Flag-tagged WT and H2AX-Y57F in 293T 

cells, immunoprecipitated H2AX, and identified the interacting proteins by mass 

spectrometry.  We found that casein kinase 2 (CK2)α, the catalytic subunit of 

CK2, preferentially interacts with H2AX-Y57F.  This interaction was verified by 

immunoblotting, which showed an increased interaction of CK2α with H2AX-

Y57F compared to the WT  (Fig. 9a).  CK2 is an attractive H2A-Y57 kinase 

candidate as it is one of the few kinases conserved from yeast to mammals with 

tyrosine phosphorylation activity.  Although CK2 most commonly phosphorylates 

serine/threonine, there are a couple of cases where it has been shown to 

phosphorylate tyrosine98,99, establishing it as a dual-specificity kinase.  We first 

tested if CK2α can phosphorylate Y57 residue in H2A in vitro.  Histone 

modifications can occur in free histones or in histones assembled into 

nucleosomes11,39,40,62,100.  We expressed WT and H2AX-Y57F in 293T cells, 

purified full-length H2AX or nucleosomal H2AX, and used them as substrates in 
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a kinase reaction.  GST-tagged CK2α expressed in E. coli was used as kinase.  

We found that the CK2α phosphorylate Y57 residue in H2AX preferentially in the 

context of nucleosomes (Fig. 9b).  The phosphorylation was inhibited by a 

specific CK2 inhibitor, TBBz101.  To firmly establish the tyrosine phosphorylation 

activity of CK2α on H2AX in the context of nucleosome, a kinase reaction was 

performed using recombinant CK2α, WT or H2AX-Y57F containing nucleosome 

and γ32P ATP, and then phosphoamino acid analysis (PAA) of phosphorylated 

H2AX was performed.  This experiment revealed the tyrosine phosphorylation 

activity of CK2 on WT H2AX, and the phosphorylation was reduced in H2AX-

Y57F (Fig. 9c).  In addition, it also revealed that CK2α phosphorylates serine and 

tyrosine but not threonine in H2AX.  Collectively, these results demonstrate that 

CK2 can phosphorylate Y57 residue in H2A in vitro.   

We next examined if CK2 phosphorylates H2A-Y57 in vivo.  H2A-Y57 

phosphorylation was decreased upon CK2α knockdown in 293T cells (Fig. 9d).  

Likewise, H2A-Y57 phosphorylation showed a dose-dependent decrease in 

response to TBBz in 293T cells (Fig. 9e).  Collectively, these results demonstrate 

that CK2 phosphorylates the Y57 residue in H2A both in vivo and in vitro in the 

context of nucleosomes.  

Since H2A-Y58 mutation showed a decrease in H2B mono-ubiquitylation, 

we tested if CK2α knockdown and CK2 inhibition also result in a decrease in H2B 

mono-ubiquitylation.  As expected, we observed a decrease in H2B mono-

ubiquitylation in both cases (Fig. 9d, e).  We also tested if the decrease in H2B 
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mono-ubiquitylation is through UBP8.  Indeed, we observed that H2B mono-

ubiquitylation was decreased in WT yeast but not in UBP8-null yeast upon TBBz 

treatment (Fig. 9f).  Collectively, these results demonstrate that CK2 regulates 

H2B mono-ubiquitylation by preventing deubiquitylation through Y57 

phosphorylation.   
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Figure 9. CK2 phosphorylates the Y57 residue in H2A, and prevents H2B deubiquitylation. 
(a) CK2α interacts preferentially with the H2A-Y57F mutant. Flag-tagged WT and H2AX-Y57F 
were expressed in 293T cells, and nuclear extracts were co-immunoprecipitated with anti-Flag 
antibody and immunoblotted as indicated.  (b, c) CK2 phosphorylates the Y57 residue in H2A in 
nucleosomes in vitro.  (b) In vitro kinase assays were performed using recombinant GST-CK2α 
and indicated full-length or nucleosomal Flag-tagged H2AX purified from 293T cells in the 
presence or absence of TBBz, and were immunoblotted as indicated. (c) An in vitro kinase 
reaction was performed using recombinant CK2α, 10 µCi of γ32P labeled ATP supplemented with 
10 µM cold ATP, and nucleosomes containing Flag-tagged WT or H2AX-Y57F from 293T cells, 
and PAA of the Flag-tagged H2AX was performed.  The red circle indicates phospho-Ser, the 
blue circle indicates phospho-Thr and the green circle indicates phospho-Tyr.  (d, e) CK2 
phosphorylates the Y57 residue in H2A in vivo.  (d) CK2α was knocked down in 293T cells, and 
nuclear extracts were immunoblotted with the indicated antibodies.  (e) CK2 was inhibited in 293T 
cells for 3 hr with the indicated concentrations of TBBz, and nuclear extracts were immunoblotted 
as indicated. (f) CK2 prevents the deubiquitylation of H2B. WT or ubp8Δ cells were treated with 
vehicle (DMSO) or TBBz (25 µM) for 3 hr and whole cell extracts from the cells were 
immunoblotted with the indicated antibodies. 
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Chapter 8.  CK2 positively regulates transcriptional elongation in actively 

transcribed genes 

Since H2A-Y58F mutation led to a defect in transcriptional elongation, we 

determined if CK2 inhibition would exhibit a similar defect in transcriptional 

elongation.  For this, we examined the binding of Pol II in LNCaP prostate 

carcinoma cells treated with TBBz by ChIP-sequencing (ChIP-seq).  TBBz 

treatment resulted in a decrease in Pol II binding in the gene bodies of actively 

transcribed genes (Fig. 10a).  In contrast, the binding in the promoter region was 

not affected by TBBz treatment (Fig. 10a).  The Pol II binding profile in CK2-

inhibited cells was very similar to promoter proximal pausing phenomena102,103.  

We plotted the traveling ratio (TR) plot of Pol II102,103, which is the ratio of the Pol 

II density in the promoter to the density in the gene body, to determine whether 

CK2 plays an important role in promoter proximal pausing.  Indeed, CK2-inhibited 

cells showed an obvious shift in the TR plot (Fig. 10a), suggesting that CK2 

kinase activity is required for the transition of Pol II from the initiation to the 

elongation stage.  Likewise, in agreement with the role of CK2 in transcriptional 

elongation, dihydrotestosterone (DHT)-induced transcriptional activation of 

androgen receptor (AR)-regulated genes was impaired or abolished in LNCaP 

cells treated with TBBz as determined by RT-qPCR (Fig. 10b).  Collectively, 

these data demonstrate that CK2 is a crucial positive regulator of transcriptional 

elongation. 
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We sought to understand the molecular details of the role of CK2 in 

transcriptional elongation by determining its genome-wide localization in LNCaP 

cells by ChIP-sequencing.  Like Pol II, CK2α showed binding to actively 

transcribed genes across gene bodies, although its binding profile was somewhat 

distinct from that of Pol II (Fig. 10c).  Meta analysis of the top 10% most active 

genes, based on Gro-seq results in LNCaP cells104, revealed that CK2α globally 

co-localizes with Pol II (Fig. 10d).  Consistent with the genome-wide binding 

pattern of CK2α, Ser-5 phosphorylated CTD of Pol II, which is localized in the 5’ 

region of actively transcribed genes, and Ser-2 phosphorylated CTD of Pol II, 

which is localized in the gene bodies and 3’ region of actively transcribed genes, 

both co-immunoprecipitated with CK2α (Fig. 10e).  Collectively, these results 

indicate that CK2 globally regulates transition from the initiation to the elongation 

stage during transcription.  

Next, we asked if CK2 also regulates transcriptional elongation in yeast, 

and if so, whether H2A-Y58 phosphorylation is a key player, among the many 

other substrates of CK2105, in this regulation.  Inhibition of CK2 activity by TBBz 

resulted in the decreased recruitment of Pol II to two constitutively active genes, 

PYK1 and PMA1, in both the promoter region as well as gene bodies in the WT 

yeast (Fig. 10f).  The removal of TBBz reversed the defect of Pol II binding (Fig. 

10f).  On the other hand, TBBz did not have any additive effect in decreasing Pol 

II binding in the H2A-Y58F mutant yeast (Fig. 10f), suggesting that H2A-Y58 

phosphorylation is a critical event in CK2-mediated regulation of transcriptional 
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elongation.  It is noteworthy that both CK2 inhibition and mutation of H2A-Y58 did 

not result in promoter proximal pausing in the genes tested, which is consistent 

with the observation that regulation by promoter proximal pausing is rare in 

yeast106.  Collectively, these results demonstrate that CK2 plays a deeply 

conserved role in transcriptional elongation in gene bodies, and that H2A-Y58 

phosphorylation is critical in this regulation.   

Chapter 8, in part, has been accepted for publication of the material as it 

may appear in Nature 2014. Basnet, Harihar; Su, Xue B.; Tan, Yuliang; 

Meisenhelder, Jill; Merkurjev, Daria; Ohgi, Kenneth A.; Hunter, Tony; Pillus, 

Lorraine & Rosenfeld Michael G. Nature Publishing Group. 2014. The 

dissertation author was the primary investigator and author of this paper. 
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Figure 10.  CK2 regulates transcriptional elongation in actively transcribed genes.  (a) CK2 
kinase activity is required for promoter-proximal pause release.  The traveling ratio of Pol II in 
active genes in LNCaP cells was plotted for cells treated with DMSO (vehicle) or with TBBz (25 
µM) for 2½ hr.  Overlay of occupancy of Pol II in vehicle- and TBBz-treated cells in representative 
active genes (TMPRSS2 and NKX3-1) is shown.  (b) CK2 kinase activity is necessary for normal 
gene expression.  LNCaP cells were treated with vehicle (DMSO) or TBBz (25 µM) for 60 min, 
and then treated with vehicle (EtOH) or 100 nM DHT for 90 min, and induction of the indicated AR 
target genes was measured by RT-qPCR.  Data represent triplicates of three independent 
experiments (mean + SEM, * indicates p<0.05, ** indicates p<0.01 determined by student’s t-
test).  (c, d) CK2α binds globally across the gene body of actively transcribed genes.  (c) 
Occupancy of CK2α and Pol II in the top 10% of active genes (n= 3162) and all genes in LNCaP 
cells were determined by CEAS107.  The length of all gene bodies is normalized to 3kb.  
Enrichment of CK2α and Pol II at a representative active gene (NKX3-1) is shown.  (d) Heat map 
of the binding profile of Pol II and CK2α in top 10% of active genes in LNCaP cells from 
Transcription Start Site (TSS) to Transcription Termination Site (TTS) is shown.  (e) H2A-Y58 
phosphorylation is critical for CK2-mediated regulation of transcriptional elongation.  WT 
(LPY17876) and H2A-Y58F (LPY17878) cells were treated with DMSO (vehicle) or TBBz (25 µM) 
for 3 hr, or treated with TBBz for 3 hr followed by the release of inhibition for 1 hr (TBBz 1 hr R), 
and Pol II binding in the indicated genes was measured by ChIP-qPCR in WT H2A and H2A-
Y58F yeast.  Data represent triplicates of three independent experiments (mean + SEM).  The 
ORF of the genes and the regions amplified by the primer pairs are indicated. 
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Chapter 9.  CK2 binds to active enhancers and regulates transcriptional 

elongation in enhancers 

Although a majority of CK2α binding was observed over gene bodies, we 

noted some binding sites in the intergenic regions that mostly co-localized with 

H3K4mono-methyl and H3K27acetyl marks, histone modifications that co-

localize with active enhancers108, suggesting that the intergenic CK2α peaks are 

in enhancer regions.  LNCaP cells have cell-type specific active enhancers that 

are marked by the binding of AR; hence, we examined the potential co-

localization of intergenic CK2α peaks with known AR enhancers.  We found that 

majority of AR enhancers exhibit CK2α binding (Fig. 11a).  In recent years, it has 

been reported that there is transcription in active enhancers that produces a 

class of non-coding RNA called eRNA104,109–111.  We tested if CK2 inhibition also 

causes Pol II pausing in enhancers.  Pol II tag density in either side of the AR-

bound enhancers showed that inhibition of CK2 caused Pol II stalling in the AR-

bound enhancers (Fig. 11b), underpinning the function of CK2 in transcriptional 

elongation in enhancers.  

 Chapter 9, in part, has been accepted for publication of the material as it 

may appear in Nature 2014. Basnet, Harihar; Su, Xue B.; Tan, Yuliang; 

Meisenhelder, Jill; Merkurjev, Daria; Ohgi, Kenneth A.; Hunter, Tony; Pillus, 

Lorraine & Rosenfeld Michael G. Nature Publishing Group. 2014. The 

dissertation author was the primary investigator and author of this paper. 
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Figure 11. CK2 binds to active enhancers and regulates transcriptional elongation in 
enhancers.   (a) CK2α binds to active enhancers.  Heat maps of CK2α, H3K4me1104, and 
H3K27acetyl104 signals over Androgen Receptor (AR)104-enriched regions in LNCaP cells were 
determined by CEAS.  Enrichment of CK2α, H3K4me1104, H3K27acetyl104, and AR104 at a 
representative AR enhancer (KLK3) is shown.  (b) CK2 regulates transcriptional elongation in 
enhancers.  Shown is a Pol II ChIP tag density plot centered at AR enriched enhancers.  Pol II 
tag density at a representative RHOU enhancer is shown.  
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Conclusion 

In summary, we have identified a highly conserved novel tyrosine 

phosphorylation in H2A (Y57), mediated by CK2 kinase, that plays a critical role 

in transcriptional elongation and DNA damage repair by modulating several 

functionally important post-translational modifications in histones that include 

H2A-ub, H2B-ub, H3K4me3, H3K79me3, and γ-H2AX, at least in part by 

antagonizing the activity of the SAGA complex (Fig. 12).   

 

Figure 12. Proposed working model.  Proposed working model of the role H2A-Y57 
phosphorylation in regulating transcriptional elongation and DNA damage repair by modulating 
indicated histone modifications, and by antagonizing the SAGA complex activity.  
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Discussion 

Post-translational modifications in histones have been shown to play 

critical roles in maintaining genomic stability and gene expression.  Several 

studies have done extensive analyses of the role of each amino acid in all four 

histones by alanine screening79,112,113.  These studies have categorized all the 

histone residues by their roles in different biological processes such as DNA 

damage repair, growth, or transcriptional elongation by testing the sensitivity of 

the mutants to DNA damaging agents (such as UV and HU) or transcriptional 

elongation assay (such as 6-AU).  Furthermore, one study has identified several 

residues that are necessary for the establishment of some of the important 

histone marks like H3K4me3, H3K4me2, and H3K4me179.  Our data clearly 

indicate that mutation of the Y58 residue in H2A causes defects in growth, 

transcriptional elongation, and DNA damage repair, as well as defects in 

H3K4me3.  Interestingly, the functional role of the Y58 residue has been missed 

by all these previous studies because the tyrosine residue was substituted with 

alanine instead of phenylalanine, which causes lethality in yeast.  Thus, our study 

has identified a very important functional role of Y58 residue in H2A that was 

overlooked in previous studies.  Intriguingly, the regulation occurs through 

phosphorylation of the residue, establishing the Y57/58 phosphorylation as one 

of the most important histone modifications identified so far.  An improvement in 

histone alanine scanning studies, specially of residues that might be potentially 

modified, by replacing the residue with structurally more conservative amino 
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acids might yield some new information about the potential role of the histone 

residues, and thus the modifications in some cases.  

Another interesting discovery made in our study is the identification of CK2 

as the kinase responsible for the phosphorylation.  CK2 is a pleiotropic kinase 

involved in the regulation of cell cycle, DNA damage repair, cell differentiation, 

and transcription105.  This kinase is primarily known to phosphorylate serine and 

threonine, though there is evidence for the tyrosine phosphorylation activity of 

CK2 in trans in a yeast protein called Fpr399.  Likewise, there is also a report 

showing that CK2 can auto-phosphorylate tyrosine in cis98.  However, these 

tyrosine phosphorylations do not seem to have a functional significance.  Due to 

a lack of clear functional significance, the role of CK2 as a tyrosine kinase has 

been underappreciated.  Our study clearly indicates that CK2-mediated tyrosine 

phosphorylation of H2A-Y57/Y58 has important functional significance in 

transcriptional elongation and DNA damage repair.  Our study thus invites a 

search for other potential tyrosine substrates of CK2 that might be important 

mediators of CK2 function.  It is also interesting that CK2 phosphorylates the Y57 

residue in the context of nucleosomes.  CK2 is known to be an acidophilic 

kinase114, and the Y57 residue in H2A is located in the highly conserved acidic 

patch in the nucleosomes.  It is possible that the acidic residues in the 

nucleosome might be crucial for the phosphorylation, though it cannot be ruled 

out that other histone modifications or other residues present in the nucleosome 

might be important for the phosphorylation.     
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Another important finding of our study is the role of H2A-Y58 

phosphorylation in antagonizing the activity of the highly conserved SAGA 

complex.  Transcription is a highly coordinated process that is regulated in each 

step of initiation, elongation, and termination by multi-protein complexes.  One 

important event during transcriptional elongation is the dynamic change in H2B 

mono-ubiquitylation at Lys 123, which is established by Paf1/ Rad6/ Bre1, and 

deubiquitylated by the SAGA complex.  Interestingly, both the ubiquitylation and 

deubiquitylation are required for normal transcriptional output, and both the Paf1 

complex and the SAGA complex are localized in the same region in the genome.  

It remains unclear how the activities of these two highly conserved complexes 

with opposing enzymatic activity on H2B ubiquitylation are coordinated.  This 

study has identified H2A-Y58 phosphorylation as a modification that antagonizes 

SAGA complex activity, and that CK2, which interacts with the Paf1 

complex53,115, mediates the phosphorylation.  These finding suggests that the 

Paf1 complex employs CK2 to block the DUB activity of the SAGA complex 

through H2A-Y58 phosphorylation, and thus maintain H2B mono-ubiquitylation 

even in the presence of the SAGA complex (Fig. 12).  The SAGA complex has 

also been reported to deubiquitylate H2A in mammals64.  Hence, it is likely that 

the defect in H2A mono-ubiquitylation observed in H2A-Y57F in mammalian cells 

is also through the SAGA complex, though more experiments need to be done to 

verify such regulation. 
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Another interesting finding that came out from this study is that contrary to 

several previous studies, the regulation of H3K4me3 and H3K79me3 is not 

connected directly to H2B mono-ubiquitylation.  In a recent study, it has been 

shown that deletion of some proteins can specifically affect H2B mono-

ubiquitylation without affecting H3K4 and H3K79 methylation97, which is 

consistent with our data showing that restoration of H2B mono-ubiquitylation in 

H2A-Y58F through UBP8 deletion does not completely rescue the defects in 

H3K4 and H3K79 methylation.  In addition, deletion of UBP8 in the H2A-Y58F 

yeast did not rescue the defects in transcriptional elongation and growth.  These 

data indicate that the H2A-Y58 phosphorylation-mediated biology extends 

beyond the regulation of H2B mono-ubiquitylation.  A moderate increase in 

H3K27 acetylation, which is created by the Gcn5116 histone acetyl transferase of 

the SAGA complex, in the H2A-Y58F yeast, suggests that the phosphorylation 

may antagonize multiple modules of the SAGA complex.  Such antagonism could 

explain the partial rescue of the defects in the H2A-Y58F mutant upon deletion of 

UBP8, as Ubp8 is not required for the integrity of the SAGA complex55.  More 

experiments need to be done to test this hypothesis. 

Last but not least, identification of the role of CK2 in regulating 

transcriptional elongation has some important implications as well.  So far, the 

phosphorylation of Ser2 in Pol II CTD mediated by the PTEF b complex is 

primarily known to regulate the transition from initiation to the elongation step 

during transcription.  This study demonstrates that CK2 kinase activity is also 
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important in regulating this transition, and suggests the existence of two distinct 

checkpoints that regulates the transition from transcriptional initiation to 

elongation, one through the PTEF b complex and another through CK2.  More 

work is required to demonstrate the existence of two distinct checkpoints to 

regulate the elongation.  
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Future Directions 

This study has demonstrated that the H2A-Y58 phosphorylation regulates 

the DUB activity of the SAGA complex, and the increase in H3K27ac mark in the 

H2A-Y58F mutant yeast suggests that the phosphorylation might regulate the 

acetyl transferase activity of the complex as well.  The SAGA complex is a huge 

2 MDa complex that consists of more than 15 different proteins117.  It remains to 

be identified which component of the SAGA complex interacts with H2A-Y58 

phosphorylation.    A candidate approach can be taken to identify the component 

of the SAGA complex interacting with the phosphorylation.  Basically, levels of 

H2B mono-ubiquitylation, H3K4me3, and H3K79me3 can be checked by 

immunoblotting in the H2A-Y58F yeast in the SAGA component deletion 

background.  If all the defects in the histone modifications are restored, then 

further experiments can be done to test if the defects in transcriptional 

elongation, DNA damage repair, and growth can be restored with the deletion.  

Alternatively, a biochemical approach can be taken to identify the proteins that 

interact with the H2A-Y57 phosphorylated peptides or nucleosomes containing 

the phosphorylation as a bait, and identify the interacting proteins.  If one or more 

components of the SAGA complex are found to interact differentially with the 

phosphorylated and non-phosphorylated H2A-Y57, then the abovementioned 

genetic experiments can be conducted with the identified proteins.   

In this study, we have demonstrated a novel role of CK2 in regulating 

SAGA complex DUB activity.  It remains to be investigated if the CK2 kinase also 
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affects the acetyl-transferase activity of the SAGA complex mediated by Gcn5.  

Future studies should test if the recruitment of the components of the SAGA 

complex is defective in CK2-inhibited cells.  Likewise, the level of histone 

acetylations mediated by the SAGA complex should also be tested in CK2-

inhibited cells by ChIP-seq because CK2-mediated phosphorylation/s could 

regulate SAGA complex activity allosterically instead of through the recruitment 

process.  Furthermore, the role of CK2 in regulating SAGA complex activity 

should also be tested in the mammalian system as well by inhibiting CK2, and 

analyzing the recruitment of SAGA complex components as well as acetylated 

histones by ChIP-seq.   

We have also shown that H2A-Y57/58 phosphorylation is involved in DNA 

damage repair process, though the precise mechanism remains to be elucidated.  

It is possible that the phosphorylation-mediated regulation of the SAGA complex 

is involved in the DNA damage repair mediated through H2A-Y57 

phosphorylation.  However, this needs to be tested.  Experiments to check 

whether the effect of deleting the SAGA complex in H2A-Y58F yeast would 

relieve the DNA damage sensitivity would yield some useful information on the 

role of H2A-Y58 phosphorylation in DDR through regulation of the SAGA 

complex.  
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Appendix: Materials and Methods  

Cell culture, siRNA, Plasmids, Transfection, Antibodies, Kinase inhibitors 

LNCaP and 293T cells were cultured in F12 medium supplemented with 

10% FBS and glutamine.  For the DHT-treatment experiments, LNCaP cells were 

cultured in Deficient DME High Glucose medium with 5% FBS (charcoal dextran 

filtered) for 3-4 days.  Short interfering RNA (siRNA) against CK2α was 

purchased from Santa Cruz (sc-29918).  Cells were transfected using 

Lipofectamine 2000 (Invitrogen) using the manufacturer’s protocol.  Mutagenesis 

was done using Quikchange Lightening Mutagenesis Kit following the 

manufacturer’s recommended protocol.  The following antibodies were used in 

this study: p-Y57 H2A rabbit antibody was generated by Biomatik Company 

using phospho-Y57 H2A peptide as an antigen (LE(pY)LTAEILELAGNC), 

purified, and positively selected using p-Y57 H2A peptide column, and negatively 

selected using Y57 H2A peptide column; anti-H2A (Abcam Cat. No. ab18255), 

anti-CK2α (Cat. No. ab 70774), anti-H2B K120 ub (Cell Signaling Cat. No. 

5546S), anti-Flag (Sigma M2), anti-RNA polymerase II (Santa Cruz N-20 (for 

mammalian cells), Abcam Cat. No. ab817 (for yeast cells)), anti-p-Ser2 Pol II 

(Abcam Cat. No. ab5095), anti-p-Ser5 Pol II (Abcam Cat. No. ab5131), anti-

phosphotyrosine (Millipore Cat. No. 05-321 (4G10)), anti-H2A (yeast) (Active 

Motif Cat. No. 39236), anti-H4K4me3 (Active Motif Cat. No. 39159), anti-

H3K4me2 (Millipore Cat. No. 07-030), anti-H3K4me1 (Millipore Cat. No. 07-436), 

anti-p-S10 H3 (Millipore Cat. No. 06-570), anti-H3K27 acetyl (Abcam Cat. No. ab 
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4729), anti-H3K79me2 (Active Motif Cat. No. 39924), anti-H3K36me2 (Active 

Motif Cat. No. 39255) and anti-H2A-K119-ub (Cell Signaling Cat No. 8240S).  

TBBz and flavopiridol were from Sigma.  

Chromatin Immunoprecipitation 

Cells were grown to 90-95% confluence, fixed with 1% formaldehyde for 

15 min for Pol II ChIP, and with Di-Succinimidyl Glutarate (DSG) for 45 minutes 

followed by 10 min fixation with 1% formaldehyde for CK2α ChIP.  To terminate 

crosslinking, fixed cells were incubated with glycine (1.25 mM) for 10 min.  Nuclei 

were prepared as described118, which were then sonicated in lysis buffer (150 

mM NaCl, 1% Triton X-100, 20 mM Tris pH 8.0, 0.1% SDS) using a Bioruptor to 

fragment chromatin to less than 500 bp.  Chromatin was pre-cleared with 

Protein-G magnetic beads, and then immunoprecipitated using 5 µg of antibody 

per one 10 cm plate for each samples.  The chromatin antibody mix was 

incubated with 35 µl protein G-conjugated Dyna beads for 4 h, washed three 

times with wash buffer (1% Triton X-100, 50 mM Tris pH 8.0, 10% glycerol) with 

increasing concentrations of NaCl (150 mM, 300 mM and 400 mM), and two 

times with Tris-EDTA (TE) buffer.  DNA was eluted in 1% SDS, crosslinking was 

reversed overnight at 65°C, and DNA was purified using Qiagen columns.  Yeast 

ChIP was performed using 300-400 µg DNA and 2 µg antibody using the protocol 

as described119 with some modifications.  Briefly, cells were fixed for 15 min, and 

then incubated with glycine at a final concentration of 2.5 mM for 5 min, and cells 

were lysed using glass beads (5 X 5 minutes beating with 2 min on ice intervals).  
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Cells were then sonicated to obtain chromatin fragments of less than 1 kb, and 

the rest of the protocol was similar to the mammalian cells.  All the buffers used 

included fresh complete protease inhibitors (Roche), 1 mM PMSF, 2 mM 

Na3VO4, 10 mM β-glycerol phosphate and 10 mM NaF.  

Statistical Analysis 

P-values for ChIP-qPCR and RT-qPCR were calculated by Student's T-

test, two tails, type two using Microsoft Excel.  The statistical significance of the 

change of Traveling Ratio between control and CK2 inhibitor treated samples 

was determined using two-tailed K-S test. 

Identification of ChIP-seq peaks  

ChIP-seq peaks were identified using HOMER 

(http://biowhat.ucsd.edu/homer).  A 200 bp sliding window was used for 

transcription factors and a 500 bp sliding window was used for histone 

modifications with the requirement that two peaks are at least 500 bp away for 

transcription factors, and 1250 bp for histone modifications to avoid redundant 

peak identification. Tag density was calculated by using HOMER and average 

signal profiles surrounding AR enriched regions were generated with CEAS107 

(cis-regulatory element annotation system) which were visualized with Java 

TreeView (http://jtreeview.sourceforge.net).  

ChIP-seq Alignment 

DNA was ligated to specific adaptors followed by HT sequencing on 
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Illumina’s HiSeq 2000 system according to the manufacturer’s instructions.  The 

first 48 bp for each sequence tag returned was aligned to the hg18 (human) 

assembly using Bowtie2.  The data were visualized by preparing custom tracks 

on the UCSC genome browser by using HOMER.  The total number of mappable 

reads was normalized to 107 for each experiment presented.  

ChIP-seq Data Deposition 

ChIP-seq data has been deposited in GEO.  The accession number is: 

GSE58607.  

Traveling Ratio (TR) Calculation 

Pol II TR was defined as the relative ratio of Pol II density in the promoter-

proximal region and the gene body. The promoter proximal region refers to the 

window from -50bp to +300bp surrounding transcription start site (TSS), and the 

gene body refers to regions from 300bp downstream of TSS to 13 kbp from TSS 

for genes longer than 13kbp, and to the transcription termination site (TTS) for 

the genes shorter than 13kbp.  The significance of the change of TR between 

control and CK2 inhibitor treated samples was displayed using box plot. 

In vitro kinase assay and Phosphoamino Acid Analysis (PAA) 

In vitro kinase reactions were performed with 100 ng of recombinant GST-

tagged CK2α in 1X kinase buffer (20 mM Tris-HCl, 50 mM KCl, 10 mM MgCl2 pH 

7.5) with the addition of 0.2 mM ATP for cold reaction (and 10 µM ATP mixed 

with 10 µCi of γ32P-labeled ATP for the radioactive reactions).  The substrates 

(Flag-tagged WT H2AX and H2AX-Y57F) were purified from 293T cells 
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expressing Flag-tagged H2AX constructs.  For the full-length proteins, histone 

extracts were immunoprecipitated using anti-Flag antibody, then washed several 

times with wash buffer  (1% Triton X-100, 900 mM NaCl, 20mM Tris 8.0), treated 

with CIP for 30 minutes at 37°C, washed few more times with wash buffer, and 

eluted with 3X Flag peptides.  Mononucleosomes were prepared as described118 

with minor changes in microccocal nuclease digestion.  Briefly, nuclei were 

isolated from 15 cm fully confluent plates, and DNA was digested in 1.2 ml total 

volume with 2.5 µl micrococcal nuclease (NEB Catalog # M0247S) for 10 

minutes at 37 °C, and the reaction was stopped by adding 5 mM EGTA, and 

mononuclesomes were collected by centrifugation.  Mononucleosomes were 

immunoprecipitated with anti-Flag, washed four times with Buffer A (340 mM 

Sucrose, 10 mM HEPES pH 7.5, 10% glycerol, 1.5mM MgCl2, 10 mM KCl) 

followed by three washes with kinase reaction buffer, then treatment with 500 µM 

FSBA(Sigma cat number F9128-25MG) for 25 min at 37°C to irreversibly inhibit 

any potential kinases interacting with the nucleosome.  Following this were three 

washes with kinase buffer, treatment with CIP for 30 minutes at 37°C, and 

another three washes with buffer A.  The bound nucleosomes were eluted with 

3X Flag peptides in buffer A.  The kinase reactions were carried out for 1 hour at 

30°C.  For PAA, the samples were separated by SDS-PAGE, transferred to 

PVDF membrane, and the membrane corresponding to the mobility of 

phosphorylated H2AX was excised, and PAA using two-dimensional 

electrophoresis on thin layer cellulose plates was performed as described120.  
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Whole cell extracts (WCE), Immunoprecipitation (IP) and Cell Fractionation 

Yeast whole cell extracts were prepared either by breaking the cells with 

glass beads in PBS or boiling the cells in denaturing buffer (2% SDS with 30 mM 

DTT) for 10 min.  To immunoprecipitate the Flag-tagged proteins under 

denaturing conditions in yeast, WCE were prepared as mentioned above in 

denaturing buffer, and the SDS concentration was adjusted to 0.1% by adding 

dilution buffer (150 mM NaCl, 1% Triton X-100, 20 mM Tris  pH 8.0.), then 

immunoprecipitated overnight using Flag antibody (M2-Sigma) conjugated to 

agarose beads, and washed three times with dilution buffer.  Bound proteins 

were eluted with 100 µg/mL 3X Flag peptides in TBS for 30 min at 8°C twice and 

the eluted proteins were precipitated using Tricholoroacetic acid (TCA).  In 293T 

cells, WCE for denaturing IP was prepared by boiling the cells in lysis buffer (1% 

SDS, 20 mM Tris pH 8.0, 10 mM DTT), and the SDS concentration was adjusted 

to 0.1% by adding dilution buffer before adding the Flag antibody for IP.  Nuclear 

extracts were prepared using lysis buffer (10 mM HEPES pH 8.0, 1.5 mM MgCl2, 

10 mM KCl, 1% NP40) to lyse cell membrane; the supernatant is the cytosolic 

fraction and the pellet is the nuclear fraction.  For co-IP, the nuclear pellet was 

re-suspended in lysis buffer (0.1% NP40, 150 mM NaCl, 20 mM Tris pH 8.0 and 

10% glycerol), and sonicated to break the nuclei and chromatin.  The antibody 

and nuclear extract were incubated overnight with 5 µg of CK2α antibody or 20 µl 

of M2 Flag antibody conjugated to magnetic beads.  The beads were washed 
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three times with the same lysis buffer, and the proteins bound to the beads were 

analyzed by MS or by immunoblotting.  

Recombinant protein purification 

GST-CK2α was sub-cloned in PGex 6P1 vector, and the protein was 

expressed in BL21 E. coli by inducing with 0.2 mM IPTG for 3 hours at 30°C.  For 

the protein purification, cells were lysed in lysis buffer (20 mM Tris pH 8.0, 300 

mM NaCl, 10% glycerol) supplemented with 1% Triton X-100, 1 mg/ml lysozyme 

for 1 hour at 4°C, followed by sonication.  Protein was precipitated using 

Agarose-glutathoine beads, and eluted with 10 mM reduced glutathione.  

Mass Spectrometry  

Protein samples were prepared as described121.  Briefly, the protein 

samples were diluted in TNE (50 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA) 

buffer.  RapiGest SF reagent (Waters Corp.) was added to the mix to a final 

concentration of 0.1% and samples were boiled for 5 min.  TCEP (Tris (2-

carboxyethyl) phosphine) was added to 1 mM (final concentration) and the 

samples were incubated at 37°C for 30 min.  Subsequently, the samples were 

carboxymethylated with 0.5 mg/ml of iodoacetamide for 30 min at 37°C followed 

by neutralization with 2 mM TCEP (final concentration).  Proteins samples 

prepared as above were digested with trypsin (trypsin:protein ratio - 1:50) 

overnight at 37°C.  RapiGest was degraded and removed by treating the 

samples with 250 mM HCl at 37°C for 1 h followed by centrifugation at 14000 
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rpm for 30 min at 4°C.  The soluble fraction was then added to a new tube and 

the peptides were extracted and desalted using C18 desalting columns (Thermo 

Scientific).  

Trypsin-digested peptides were analyzed by ultra high pressure liquid 

chromatography (UPLC) coupled with tandem mass spectroscopy (LC-MS/MS) 

using nano-spray ionization as described122.  The nano-spray ionization 

experiments were performed using a TripleTof 5600 hybrid mass spectrometer 

(ABSCIEX) interfaced with nano-scale reversed-phase UPLC (Waters 

corporation nano ACQUITY) using a 20 cm-75 micron ID glass capillary packed 

with 2.5-µm C18 (130) CSHTM beads (Waters corporation).  Peptides were eluted 

from the C18 column into the mass spectrometer using a linear gradient (5–80%) 

of ACN (acetonitrile) at a flow rate of 250 µl/min for 1 hr.  The buffers used to 

create the ACN gradient were: Buffer A (98% H2O, 2% ACN, 0.1% formic acid, 

and 0.005% TFA) and Buffer B (100% ACN, 0.1% formic acid, and 0.005% TFA).  

MS/MS data were acquired in a data-dependent manner in which the MS1 data 

was acquired for 250 ms at m/z of 400 to 1250 Da and the MS/MS data was 

acquired from m/z of 50 to 2,000 Da.  The Independent data acquisition (IDA) 

parameters were as follow; MS1-TOF acquisition time of 250 ms, followed by 50 

MS2 events of 48 ms acquisition time for each event.  The threshold to trigger 

MS2 event was set to 150 counts when the ion had the charge state +2, +3 and 

+4.  The ion exclusion time was set to 4 seconds. Finally, the collected data were 

analyzed using Protein Pilot 4.5 (ABSCIEX) for peptide identifications. 
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Primers used in this study 

Cloning Primers 

WT SF-H2A Retro 

Forward: TAGATTGAATTCATGTCTGGACGTGGAAAGCAAGG 

Reverse: GATATTTGTCGACTCACTTGCCCTTGGCCTTATGGTG 

SF- WT H2AX Retro 

Forward:  TAGATTGGATCCATGTCGGGCCGCGGCAAGACT 

Reverse:  GATATTTGAATTCGTACTCCTGGGAGGCCTGGGTG 

GST CKA1 

Forward: ACTGACTGGATCCATGTCGGGACCCGTGCCAAGC 

Reverse: ACTGACTGCGGCCGCTTACTGCTGAGCGCCAGCGGC  

 

Mutagenesis Primers 

H2A K118R  

Forward: GTATTGCTGCCTAGGAAGACGGAGAGCCACC 

Reverse: GGTGGCTCTCCGTCTTCCTAGGCAGCAATAC 

H2A K118R K119R 

Forward: GTATTGCTGCCTAGGCGTACGGAGAGCCACC 
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Reverse: GGTGGCTCTCCGTACGCCTAGGCAGCAATAC 

H2A Y57F 

Forward: GCGGTGCTGGAATTTCTGACGGCCGAG  

Reverse: CTCGGCCGTCAGAAATTCCAGCACCGC 

H2AX S1A 

Forward: GACGATAAGGAATTCATGGCGGGCCGCGGCAAG  

Reverse: CTTGCCGCGGCCCGCCATGAATTCCTTATCGTC 

H2AX T120A 

 Forward: CTGCTGCCCAAGAAGGCCAGCGCCACCGTG  

Reverse: CACGGTGGCGCTGGCCTTCTTGGGCAGCAG 

H2AX S121A 

Forward: CCCAAGAAGACCGCCGCCACCGTGGG  

Reverse: CCCACGGTGGCGGCGGTCTTCTTGGG 

H2AX T123A 

Forward: CAAGAAGACCAGCGCCGCCGTGGGGCCGAAG 

Reverse: CTTCGGCCCCACGGCGGCGCTGGTCTTCTTG 

H2AX S130A  
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Forward: CCGAAGGCGCCCGCGGGCGGCAAGAAG 

Reverse: CTTCTTGCCGCCCGCGGGCGCCTTCGG 

H2AX T6A 

Forward: GGCCGCGGCAAGGCTGGCGGCAAG 

Reverse: CTTGCCGCCAGCCTTGCCGCGGCC 

H2AX S16A 

Forward: GCCAAGGCCAAGGCGCGCTCGTCGC 

Reverse: GCGACGAGCGCGCCTTGGCCTTGGC 

H2AX S18A 

Forward: GCCAAGTCGCGCGCGTCGCGCGCCG 

Reverse: CGGCGCGCGACGCGCGCGACTTGGC 

H2AX S19A 

Forward: CAAGTCGCGCTCGGCGCGCGCCGGCC 

Reverse: GGCCGGCGCGCGCCGAGCGCGACTTG 

H2AX T59A 

Forward: GCTGGAGTACCTCGCCGCTGAGATCCTG 

Reverse:  CAGGATCTCAGCGGCGAGGTACTCCAGC 
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H2AX T76A 

Forward: CGCGACAACAAGAAGGCGCGAATCATCCCCC 

Reverse: GGGGGATGATTCGCGCCTTCTTGTTGTCGCG  

H2AX T101A 

Forward: CTGGGCGGCGTGGCGATCGCCCAGG 

Reverse: CCTGGGCGATCGCCACGCCGCCCAG  

H2AX T136A 

Forward: GGCAAGAAGGCCGCCCAGGCCTCCC  

Reverse: GGGAGGCCTGGGCGGCCTTCTTGCC 

H2AX S139A 

Forward: GCCACCCAGGCCGCCCAGGAGTACT 

Reverse: AGTACTCCTGGGCGGCCTGGGTGGC 

H2AX Y39F 

Forward: GGAAGGGCCACTTCGCCGAGCGCGTTG 

Reverse: CAACGCGCTCGGCGAAGTGGCCCTTCC 

H2AX Y50F 

Forward: GCGCGCCAGTGTTCCTGGCGGCAGTG 
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Reverse: CACTGCCGCCAGGAACACTGGCGCGC 

H2AX Y57F 

Forward: GCAGTGCTGGAGTTCCTCACCGCTGAG 

Reverse: CTCAGCGGTGAGGAACTCCAGCACTGC 

yH2AZ Y65F 

Forward: GACTGCTGTGTTGGAATTTTTGACTGCTGAAGTGC 

Reverse: GCACTTCAGCAGTCAAAAATTCCAACACAGCAGTC 

yH2A Y58A 

Forward: CTTGACTGCTGTCTTGGAAGCTTTGGCCGCTGAAATTTTAG 

Reverse: CTAAAATTTCAGCGGCCAAAGCTTCCAAGACAGCAGTCAAG 

yH2A Y58F  

Forward:  CTTGACTGCTGTCTTGGAATTTTGGCCGCTGAAATTTTAG 

Reverse:  CTAAAATTTCAGCGGCCAAAAATTCCAAGACAGCAGTCAAG 

hH2A-Y57F 

Forward:  GCGGTGCTGGAATTTCTGACGGCCGAG 

Reverse:  CTCGGCCGTCAGAAATTCCAGCACCGC 

hH2A-Y50F 

Forward: GGCGCTCCAGTGTTCCTGGCAGCGGTG 

Reverse:  CACCGCTGCCAGGAACACTGGAGCGCC 

hH2A-Y39F 

Forward: CTCCGCAAAGGCAACTTCTCCGAACGAGTCGGG 
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Reverse:  CCCGACTCGTTCGGAGAAGTTGCCTTTGCGGAG  

qPCR Primers 

SSA4  

Forward:  TTGTGGTACGCCTCTTGGAG 

Reverse:  CCTACGCTGACAACCAACCT 

HSP12 

Forward:  TCTTCCAAGGTGTCCACGAC 

Reverse: CCGGAAACATATTCGACGGC 

PYK1  

Forward 1:  CATATGATGCTAGGTACCTTTAGTGTCTTC 

Reverse 1: CAATCTTTCTAATCTAGACATTGTGATGATG 

Forward 2:  GGTAAGATCTGTTCCCACAAGGGTG 

Reverse 2:  CAAGTCACCTCTGGCAACCATAACAC 

HSP104 

Forward:  ATGCCGACTCCACCACTAAA 

Reverse:  CTACGTTCAGCATCAAGGGC 

KLK3 

Forward:  CAGAACTTTCTCCCCATTGC 

Reverse:  TGAGCCCCACAAAGAGAAAC 

KLK2  

Forward:  TCAGCTGTGAGCATTCAACC 

Reverse:  TCTGGTGGAATCTGGGTTTC 

FKBP5 
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Forward:  ACAGTGTGTTCAGCGTTTGG 

Reverse:  GGCAAAGAAAGCTCCCATTC 

NKX3.1 

Forward:  AACGCCTCGTTTAGCGAAGA 

Reverse:  TGCCGTGGAACAAGATACCC 

PMA1 

Forward 1: ACGATGACGCTGCATCTGAA 

Reverse 1: CGTCGTCGACACCGTGATTA 

Forward 2: ACCGGTGACAACACTTTCGT 

Reverse 2:  ACAAGCAGTCCAGACCAACA 

YEF3 

Forward: TCTTGGGTAAATTGTTGCCAGG 

Reverse:  GTGCAAGAAGATAGTCATGTATGGGGTG 

SCR1 

Forward: CGCGGCTAGACACGGAT 

Reverse:  GCACGGTGCGGAATAGAGAA 

 

Yeast strains used in the study.   

Strains (alias) Genotype                             

LPY5: W303 MATa  

LPY8241: MATα ubp8Δ::kanMX  
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LPY11654: MATa htz1Δ::kanMX  

LPY14461: MATα hht1-hhf1Δ::kanMX hta1-htb1Δ::NatMX hta2-htb2Δ::HPH+ 

pJH33  

LPY14828: LPY14461+ pLP2133 (no pJH33)  

LPY15980: MATα hht1-hhf1Δ::kanMX hta1-htb1Δ::NatMX  

hta2-htb2Δ::HPH RTF1-HA::kanMX+pLP2492  

LPY15981: MATα hht1-hhf1Δ::kanMX hta1-htb1Δ::NatMX hta2-htb2Δ::HPH 

RTF1-HA::kanMX+pLP3202  

LPY16021: MATa hht1-hhf1Δ::kanMX hta1-htb1Δ::NatMX hta2-htb2Δ::HPH 

RAD6-HA::kanMX+pLP2492  

LPY16024: MATa hht1-hhf1Δ::kanMX hta1-htb1Δ::NatMX hta2-htb2Δ::HPH 

RAD6-HA::kanMX+pLP3202  

LPY16265* (KY2248): MATα his3Δ200 lys2-128δ leu2Δ1 trp1Δ63 ura3-52 hta1-

htb1Δ::LEU2 hta2-htb2Δ::kanMX  ubp8Δ::NatMX+pDC92                                                           

LPY16266* (KY1600): MATα his3Δ200 lys2-128δ leu2Δ1 trp1Δ63 ura3-52 hta1-

htb1Δ::LEU2 hta2-htb2Δ::kanMX+pSAB6  

LPY16267*: LPY16266+pLP2492 (no pSAB6)  

LPY16269*: LPY16266+pLP3202 (no pSAB6)  
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LPY16563*: LPY16265+pLP2492 (no pDC92)  

LPY16565*: LPY16265+pLP3202 (no pDC92)  

LPY17876: LPY14461+ pLP2492 (no pJH33)  

LPY17878: LPY14461+ pLP3202 (no pJH33)  

LPY18606: LPY14461+ pLP2908 (no pJH33)  

LPY18192: MATα hht1-hhf1Δ::URA3 hta1-htb1Δ::NatMX hta2-htb2Δ::HPH+ 

pLP2492  

LPY18194: MATα hht1-hhf1Δ::URA3 hta1-htb1Δ::NatMX hta2-htb2Δ::HPH+ 

pLP3202  

LPY19236: MATa hht1-hhf1Δ::kanMX hta1-htb1Δ::NatMX hta2-htb2Δ::HPH 

htz1Δ::kanMX +pJH33  

LPY19259: LPY19236+pLP2492  

LPY19261: LPY19236+pLP3202  

LPY19265: MATα hht1-hhf1Δ::kanMX hta1-htb1Δ::NatMX hta2-htb2Δ::HPH 

PAF1-MYC::kanMX+pLP2492  

LPY19266: MATα hht1-hhf1Δ::kanMX hta1-htb1Δ::NatMX hta2-htb2Δ::HPH 

PAF1-MYC::kanMX+pLP3202  

LPY19464: LPY14461+pLP3213 (no pJH33)  
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LPY19806: LPY19236+pLP2252+pLP3202 (no pJH33)  

LPY19894: LPY19236+pLP3200+pLP3202 (no pJH33)  

Except where indicated by *, all strains are in the W303 background. Unless 

otherwise stated, the strains were constructed during this study or are part of the 

Pillus lab collection. 

Yeast plasmids used in the study.  

Plasmid (alias) Description 

pJH33 HTA1-HTB1 HHF2-HHT2 URA3 CEN 

pRS313 vector HIS3 CEN 

pRS314 vector TRP1 CEN 

pLP2133 pRS313-Flag-HTA1-HTB1  

pLP2492 pRS313-HTA1 Flag-HTB1 

pLP2252 pRS314-HTZ1  

pLP2908 pRS313-HTA1-Flag-htb1-K123R 

pLP3200 pRS314-htz1-Y65F 

pLP3202 pRS313-hta1-Y58F-Flag-HTB1 

pLP3211 pRS313-Flag-hta1-Y58A-HTB1 
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pLP3213 pRS313-Flag-hta1-Y58F-HTB1 

Appendix, in most part, is a reprint of the material that has been accepted 

for publication as it may appear in Nature 2014. Basnet, Harihar; Su, Xue B.; 

Tan, Yuliang; Meisenhelder, Jill; Merkurjev, Daria; Ohgi, Kenneth A.; Hunter, 

Tony; Pillus, Lorraine & Rosenfeld Michael G. Nature Publishing Group. 2014. 

The dissertation author was the primary investigator and author of this paper. 
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