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Abstract 

INVESTIGATING THE ROLE OF THE DNA ENTRY-EXIT SITE OF THE 
NUCLEOSOME IN TRANSCRIPTION TERMINATION 

Ashley Elizabeth Hildreth, PhD 

University of Pittsburgh, 2019 

Normal cellular function relies on the precise regulation of gene expression. In eukaryotes, DNA 

is packaged as chromatin, which acts as a barrier between the transcription machinery and genomic 

material. Chromatin consists of repeating nucleosomes, which contain approximately 147 base 

pairs of DNA surrounding an octamer of histone proteins H2A, H2B, H3, and H4. Transcription 

is controlled by factors that remove or modify nucleosomes, allowing RNA polymerase II to 

contact otherwise occluded DNA. The mechanisms by which nucleosome organization is 

controlled are well understood in regard to transcription initiation and elongation. Despite a few 

studies showing that transcription-coupled histone modifications and select chromatin remodelers 

are important for proper termination, little else is known about the role of chromatin at this step. 

Therefore, the goal of my dissertation work was to address how nucleosomes contribute to control 

of transcription termination. I conducted a genetic screen in Saccharomyces cerevisiae for histone 

mutations that cause termination defects. Interestingly, I found that many histone residues required 

for termination reside in or near the DNA entry-exit site of the nucleosome. The DNA entry-exit 

site is critical for nucleosome occupancy, a well-studied transcription-coupled histone 

modification, and prevention of several other transcription-related phenotypes that I have tested. 

Genome-wide analysis in mutants reveals altered nucleosome occupancy and transcriptional 

output. To test the hypothesis that stable nucleosomes within termination regions are required to 

act as physical roadblocks to the polymerase, I integrated a “superbinder” DNA sequence to 
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position a stable nucleosome at a candidate locus. Nucleosome occupancy increased substantially 

at the targeted location and suppressed termination read-through of the locus to the level of a 

wildtype control. Together, these data implicate the DNA entry-exit site as an important player in 

maintenance of chromatin organization that supports proper transcription, including termination. 

Further investigation is underway to determine whether the function of the DNA entry-exit site in 

transcription termination depends on interaction with other chromatin-related factors. These 

studies will open up exciting new avenues for pursuit by future researchers in the Arndt lab and 

will help the field to better understand how the critical final step of transcription, termination, is 

regulated.  
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1.0 INTRODUCTION 

As the first step of gene expression, transcription is critical for the growth and survival of all types 

of cells. Transcription regulation from initiation to termination is required to produce accurate 

transcripts for further translation into the proteins that build and maintain the cell. While the 

initiation and elongation steps of transcription have been extensively studied, and the role of the 

chromatin template in the regulation of these steps has been intensely characterized, questions 

remain open as to how termination is regulated not only by various trans-factors, but also by the 

chromatin architecture of the locus being transcribed. 

In recent years, genome-wide studies have allowed the field to glimpse a far greater 

eukaryotic transcriptome than was previously appreciated. A recent review suggests that 

approximately 85% of the yeast genome, and up to 98% of the human genome, is transcribed 

(TISSEUR et al. 2011). Functions of the many cryptic and antisense transcripts included in this tally 

have only begun to be characterized, but many of them are important in the regulation of 

expression of adjacent loci (JACQUIER 2009; HAINER AND MARTENS 2011b). In yeast, an essential 

termination pathway dependent upon Nrd1, Nab3, and Sen1, terminates many of these pervasive 

transcripts, suggesting an understanding of this pathway is needed now more than ever before. 

While this termination pathway is not perfectly conserved, similarities exist between yeast and 

humans in both protein factors and their functions, suggesting this knowledge can be extended to 

higher eukaryotes. I anticipate that new knowledge uncovered in this study will have important 
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clinical implications, especially in understanding cancers where transcriptional interference and 

aberrant transcription are of particular concern (BURGESS 2014). 

1.1 CHROMATIN STRUCTURE AND FUNCTION 

Eukaryotes must package extraordinary amounts of DNA (~2 meters stretched end-to-end in 

human cells) into a ~5-20 micron nucleus, requiring extensive condensation of DNA. To facilitate 

this, the eukaryotic genome is bundled into chromatin. Chromatin serves a dual purpose in 

eukaryotes: while its benefits in genome packaging are clear, it has become apparent that 

chromatin also plays important regulatory roles in nuclear processes such as transcription, 

replication, and recombination. 

1.1.1  Structure of the Nucleosome 

As early as the 1960s, structural and biochemical work had begun to define the means by which 

eukaryotic cells compact their genomes for nuclear storage. X-ray diffraction and electron 

microscopy studies of native, condensed DNA consistently report spherical units of approximately 

100 Å in diameter or 100 Å thick fibers of DNA, respectively (PARDON et al. 1967; RICHARDS 

AND PARDON 1970). Repetition and periodicity of this molecular unit along the DNA fiber was 

confirmed by digestion of native chromatin by a calcium-magnesium-responsive endonuclease 

purified from mammalian nuclei, where sufficiently light digestion resulted in many chromatin 

fragments that were multiples of a base unit size (HEWISH AND BURGOYNE 1973). Not long after, 

it was discovered that about 200 bp of DNA and four well-conserved histone proteins – H2A, H2B, 
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H3, and H4 – were required to generate the X-ray diffraction pattern typical of native chromatin 

(KORNBERG 1974; KORNBERG AND THOMAS 1974). 

The tertiary structure of the small, largely basic histone proteins consists of the histone-

fold core and N- and C-terminal extensions. The histone-fold, shared by all four core histone 

proteins, consists of three alpha-helices and two intervening loops – α1, L1, α2, L2, α3 (Figure 

1A) (ARENTS et al. 1991; ARENTS AND MOUDRIANAKIS 1995). It is through complementary 

histone-folds that H2A-H2B and H3-H4 pairs are able to dimerize (Figure 1B). The four-helix 

bundle that assembles nucleosomes from histone pairs consists of the α2 and α3 helices of two 

histone-fold heterodimers. To form the H3-H4 heterotetramer, an H3-H3 four-helix bundle 

assembles from two mirrored H3-H4 heterodimers (Figure 1C). Two H2A-H2B dimers assemble 

onto the H3-H4 heterotetramer through four-helix bundles between H2B and H4 (Figure 1D), 

completing the histone core (Figure 1E) (ARENTS et al. 1991; ARENTS AND MOUDRIANAKIS 1995; 

LUGER et al. 1997). 
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Figure 1. Histone and sub-nucleosome particle structures. 

(A) Structures of the individual histone proteins. (B) Structures of the H2A-H2B dimer (top) and H3-H4

dimer (bottom). (C) Structure of the H3-H4 heterotetramer. (D) Structure of the H2B-H4 four-bundle helix. 

This ultimately assembles H2A-H2B dimers onto the H3-H4 heterotetramer. (E) The complete histone core. 

All structures modified in PyMol from PDB ID 1ID3 (LUGER et al. 1997). 
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Two decades after the original structural investigations of the nucleosome, and just a few 

years after detailed description of histone protein structure, a high resolution crystal structure of 

the nucleosome confirmed earlier discoveries and provided exquisite detail of inter- and 

intramolecular interactions required to maintain this important nucleoprotein (LUGER et al. 1997). 

Consistent with stoichiometry described in earlier studies, the crystal structure revealed that two 

each of the four core histones are required to form a nucleosome, as described above. DNA 

interacts with this histone core in two main ways: approximately 120 bp of the 147, on average, 

interact with histone-fold domains, and the remaining 13 bp on either face of the nucleosome 

interact with the N-terminal tail and αΝ helix of H3 (ZHOU et al. 2019). These interactions are 

mediated largely through charge interactions, where the negatively charged phosphodiester DNA 

backbone is coordinated by a largely positive histone surface (Figure 2) and hydrogen bonding 

(LUGER et al. 1997). 
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Figure 2. Structure of the complete nucleosome. 

(A) Structure of the nucleosome colored by histone protein as in Figure 1. H3 is lilac, H4 is green, H2A is

pink, and H2B is yellow. (B) Structure of the nucleosome colored by electrostatics. Red indicates acidic 

residues, blue coloration indicates basic residues. All structures modified in PyMol from PDB ID 1ID3 

(LUGER et al. 1997). 

1.1.2  The DNA Entry-Exit Site and Intrinsic Dynamism of the Nucleosome 

1.1.2.1 DNA Entry-Exit Histone-DNA Interactions 

The histone core acts as a protein spool for approximately 1.65 turns of double-helix DNA. At the 

two mirrored surfaces of the nucleosome, DNA makes its first and final direct contacts with the 

N-terminal tail and αΝ helix extension of H3 (LUGER et al. 1997; LUGER AND RICHMOND 1998).

For this reason, this surface, termed the DNA entry-exit site (Figure 3A), is of key importance for 

the regulation of nucleosome accessibility. The H3 tail inserts into a channel formed by the 

juxtaposed minor grooves of nucleosome terminal (superhelix location (SHL) 7) and central (SHL 
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-1) strands, and this amino acid stretch of His39 through Val46 (with the exception of Gly44) 

directly contacts both (Figure 3B). In addition to these extensive protein-DNA interactions, Arg49 

inserts into the minor groove at SHL 6.5, thus stabilizing a rather large section of entry-exit DNA. 

Additional nucleosomal stability stems from the binding of non-core histone H1 (also 

referred to as H5 in early literature) (FRADO et al. 1983) at both DNA entry-exit sites of the 

nucleosome via interaction with the histones and linker DNA. This interaction prevents the binding 

of other factors to the histone residues or DNA at nucleosome ends by binding directly to those 

regions and sealing them (ALLAN et al. 1980). It’s additionally thought that H1 binding contributes 

to the assembly of higher-order chromatin structures, especially in higher eukaryotes (THOMA AND 

KOLLER 1977; THOMA et al. 1979). Just like the core histones, histone H1 variants can be post-

translationally modified and it is perhaps through these modifications that association with 

nucleosomes can be altered for the formation of heterochromatin, the regulation of gene 

expression, and the control of development (HERGETH AND SCHNEIDER 2015). 

The protein-protein and protein-DNA interactions within the nucleosome yield a stable 

complex. However, the nucleosome is by no means static, and in fact undergoes a myriad of 

important chemical and structural changes, depending on local context. The nucleosome itself – 

especially interactions between its histone proteins and DNA – is quite dynamic. Additionally, 

chromatin modification factors can act on the nucleosome in various ways, including decorating 

the histones with post-translational modifications and even functioning as dramatically as to 

entirely change the positions of nucleosomes on DNA according to the cell’s regulatory needs. 

The nucleosome in its native state is thought to be largely occluded from binding by these 

modifiers. Therefore, for DNA-templated processes to occur, interactions between DNA and 

histone proteins must be dynamic. 
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Figure 3. DNA-histone interactions in the entry-exit site stabilize the nucleosome. 

(A) Zoomed-in nucleosome structure to highlight the DNA entry-exit site. Histone coloration is as in Figure

1. (B) Top-down (top) and side-long (bottom) views of insertion of the N-terminal extension of H3 between

coils of DNA on the nucleosome. All structures modified in PyMol from PDB ID 1ID3 (LUGER et al. 1997). 

1.1.2.2 DNA Breathing 

Early experiments measuring the kinetics of restriction digestion surprisingly reported non-zero 

equilibrium constants along the entire length of nucleosomal DNA (POLACH AND WIDOM 1995). 

While naked DNA was digested ~102-105-fold faster than nucleosomal DNA, restriction sites very 

near to the end of the particle were digested approximately ~102-105-fold faster than internal sites 

near the nucleosome dyad. Equilibrium constants measured for these external restriction sites 

suggest transient but rapid restriction site exposure via DNA unpeeling from the histone proteins. 

Another model for nucleosomal DNA exposure that attempts to explain non-zero accessibility of 

interior sites is that nucleosomal DNA transiently bulges out from interior contacts, leaving DNA 

ends in contact with the histones (POLACH AND WIDOM 1996). 

The former model of DNA spontaneously unwrapping and rewrapping around the histone 

core is supported by fluorescence resonance energy transfer (FRET) experiments where 

nucleosomes were assembled with a donor dye molecule positioned at the 5’ end of a nucleosome 

positioning sequence and the acceptor dye at DNA entry-exit site histone residues in either H3 or 

in nearby H2A (LI AND WIDOM 2004). By measuring loss of FRET efficiency between these 

fluorescent dye pairs under physiological conditions, it was surmised that DNA ends do indeed 

move away from, and back to, the histone core. This innate ability of the nucleosome to rapidly 

change its conformation was also found to be sufficient for invasion and binding of nucleosomal 

DNA by transcription repressor LexA, and the presence of the DNA-binding protein in fact drove 
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equilibrium toward the more open state (LI AND WIDOM 2004). Chromatin factors that must invade 

the nucleosome to modify its structure further likely capitalize on this intrinsic equilibrium to carry 

out their functions. 

A later study used a combination of a very sensitive variation on FRET (stopped-flow 

FRET) and fluorescence correlation spectroscopy (FCS) on small populations of nucleosomes to 

measure the kinetics of DNA wrapping and unwrapping from the histone core (LI et al. 2005). 

Using these methods, it was determined that nucleosomes spend more time in their wrapped state 

(~250 ms) than in the unwrapped state (~10-50 ms). Transitions between these states likely provide 

biologically relevant time-scales for binding of trans-acting factors involved in chromatin 

modification, as well as an important regulator to processive enzymes like RNA polymerase II 

(Pol II) during transcription. The unwrapping rate constant, on average, is about 4 s-1, while 

rewrapping is an exceedingly fast 20-90 s-1. Li et al. argued that nucleosome rewrapping within 

10-50 ms of unwrapping poses a significant kinetic barrier to the polymerase, which only 

transcribes ~23 nucleotides per second (SHERMOEN AND O'FARRELL 1991). They proposed that 

this barrier is likely overcome by elongation factors that poise and stabilize nucleosomes in their 

open states until Pol II can enter the nucleosome and prevent rewrapping via active transcription. 

As a major interaction partner with entry-exit site DNA, it is no surprise that the H3 N-

terminal tail plays a major role in stabilizing these DNA ends. FRET and spectroscopy experiments 

reveal that clipping the H3 tail greatly increases DNA accessibility within the nucleosome (NURSE 

et al. 2013). Interestingly, this study also showed that, while the H4 tail isn’t directly involved in 

restricting DNA breathing, clipping both H3 and H4 tails has an additive effect on DNA 

accessibility in vitro. The authors argued that this is possibly due to post-translational modification 

crosstalk between the H3 and H4 tails (WANG et al. 2009; ZIPPO et al. 2009) that may play some 
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role in stabilizing the H3 tail conformation for DNA interactions. Cryo-EM studies have examined 

changes to the nucleosome throughout the DNA breathing cycle and have demonstrated shifts in 

conformation not only of the DNA molecule, but of the histone octamer (BILOKAPIC et al. 2018). 

The first conformational transition consists of DNA bulging away from the αΝ helix of H3, but 

remaining in contact with the H3 tail, explaining how loss of the H3 tail might render the 

nucleosome less stable and more amenable to breathing. Interestingly, this bulged DNA state 

resembles the structure of the nucleosome with chromatin remodeler Snf2 bound, perhaps 

suggesting that this partially unwrapped state is required for nucleosome remodeler binding (LIU 

et al. 2017). 

Even on symmetrical stretches of DNA, nucleosomes exhibit asymmetrical DNA breathing 

(NGO et al. 2015; CHEN et al. 2017). Studies showing this have proposed that this asymmetrical 

breathing is likely to maintain the integrity of the nucleosome even during processes like 

transcription. Once DNA reaches its completely breathed state, where approximately 15 bp have 

severed contact with the histones, a dramatic conformational change occurs within the histone 

octamer (BILOKAPIC et al. 2018). The H3 αΝ helix on the unwrapped side appears shorter in cryo-

EM imaging than in the bulged or unwrapped state and appears to tilt toward the dissociated DNA. 

This αΝ helix shift induces changes in positioning of the α1 and α2 helices on the unwrapped 

side, which tilts the H3 α2 helix on the wrapped side. This conformational change pulls the dyad 

DNA closer to the histone core, thus condensing and stabilizing DNA on the wrapped side. H2A-

H2B conformation also changes to accommodate DNA wrapping. In the unwrapped state, the last 

histone-DNA contacts are between H2A L2 and H2B L1 with SHL 5.5. These loops tilt toward 

the DNA to stabilize these interactions, possibly to prevent further unwrapping (BILOKAPIC et al. 

2018). 
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1.1.2.3 Regulatory Post-Translational Modifications of the DNA Entry-Exit Site 

In yeast, work from the lab of Jef Boeke showed that H3K42 makes critical contact with entry-

exit site DNA that can be regulated through methylation of this residue (HYLAND et al. 2011). 

Substitution of this residue for an alanine has pleiotropic effects, ranging from deregulated gene 

expression to sensitivity to drugs that classically identify cell cycle defects (Benomyl, a 

microtubule destabilizer) and DNA repair defects (hydroxyurea and methyl-methanesulfonate, 

DNA damaging agents), in line with the DNA entry-exit site’s general role in nucleosome stability. 

Transcription defects in the H3 K42A mutant are myriad and pervasive, including changes in 

length of about 30% of transcripts, most of which appear 5’- and 3’-extended, and upregulation of 

about 60% of the transcriptome. Consistent with this residue’s position within the DNA entry-exit 

site of the nucleosome, these effects are in line with destabilization of the “gatekeeping” function 

of histone-DNA interactions within this region that prevents DNA access, rendering nucleosomes 

more permissive to transcription. Importantly, this study also attributes further function to the 

DNA entry-exit site, including a propensity for post-translational modification (methylation of 

H3K42), and interaction with transcription elongation factors such as Set2, the histone 

methyltransferase for nearby H3K36, and broadly functioning Pol II elongation factors like the 

Paf1 complex and Spt6 (HYLAND et al. 2011). 

In higher eukaryotes, a conserved arginine residue takes the place of the lysine at position 

42 of histone H3. Despite the amino acid change, methylation of this residue is conserved from 

yeast to man, and appears to play the same role in gatekeeping histone-DNA interactions at the 

DNA entry-exit site to alter nucleosome accessibility (CASADIO et al. 2013). In vivo work in mouse 

and human cells, and in vitro studies on recombinant human nucleosomes, show that H3R42me2, 

redundantly catalyzed by CARM1 and PRMT6, is a direct regulator of transcriptional activity 
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presumably through disruption of electrostatic interactions between entry-exit DNA and histone 

H3. In silico work supports this model by showing, via molecular dynamics simulations, a 

profound shift in equilibrium toward a DNA-exposed state when H3K42 is dimethylated, and a 

greater opening angle between the DNA and histone core compared to an unmodified H3K42 

nucleosome (LI AND KONO 2018). 

Evidence for direct binding of the histone methyltransferase that modifies H3K42 in yeast 

has not been detected at the DNA entry-exit site. However, there is genetic and structural evidence 

for the interaction of some chromatin modifiers with this region. For instance, the histone 

methyltransferase Set2, which catalyzes methylation of H3K36, has reduced occupancy in yeast 

cells where the DNA entry-exit site is mutated (ENDO et al. 2012). Substitutions of residues in H3 

and H2A near the entry-exit site, particularly those that are surface-exposed, directly contact DNA, 

or make histone-histone contacts, greatly reduce or completely abolish H3K36me2/3 (DU et al. 

2008; DU AND BRIGGS 2010; HAINER AND MARTENS 2011a; ENDO et al. 2012). These residues are 

hypothesized to be critical not only in regulating DNA accessibility at the entry-exit site to allow 

for Pol II invasion, but also in supporting interactions between the H3-H4 tetramer with H2A-H2B 

dimers that may be important for further nucleosome remodeling via dimer eviction during active 

transcription elongation (BELOTSERKOVSKAYA et al. 2003). Interestingly, hydrophilic, surface-

exposed residues required for H3K36 methylation are modifiable (H3T45, H3R49, and H3R52), 

suggesting the tempting hypothesis that transient modification of these residues contributes to the 

ever-growing histone code that carefully coordinates chromatin-templated processes (LAWRENCE 

et al. 2016). 

While the modifications of H3R49 and H3R52 have not yet been described, 

phosphorylation of H3T45 and nearby Y41 have been attributed to facilitate similar nucleosome-
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opening functions as other modifications described here, each for specific nuclear processes. 

Phosphorylation of H3T45 occurs during DNA replication via the S-phase kinase Cdc7-Dbf4 

(BAKER et al. 2010) and during apoptosis (BREHOVE et al. 2015). Nearby, Y41 phosphorylation 

increases DNA entry-exit site accessibility during transcription, especially via disassembly of 

promoter chromatin. Alone, H3Y41p increases nucleosome accessibility by about 3-fold. 

However, in concert with acetylation of H3K56, promoter chromatin disassembly is approximately 

an order of magnitude more efficient (BREHOVE et al. 2015). 

H3K56ac is involved in a multitude of nuclear processes, including replication-coupled 

nucleosome assembly, DNA repair, and transcription (RECHT et al. 2006). Mutation of H3K56 has 

a synthetic growth phenotype in combination with H3 T45A, suggesting parallel roles in DNA 

replication (BAKER et al. 2010). Acetylation of H3K56 requires that H3-H4 interact with the 

histone chaperone Asf1 prior to binding the histone acetyltransferase, Rtt109, which directly 

interacts with H3 residues in the DNA entry-exit site and the C-terminal tail of H4 (RECHT et al. 

2006; FILLINGHAM et al. 2008; RADOVANI et al. 2013; ZHANG et al. 2018). This mark is placed 

during S-phase and persists through repair of replication-related DNA lesions (CHEN et al. 2008; 

FILLINGHAM et al. 2008) where it is thought to be responsible for increasing nucleosome 

disassembly by the mismatch repair machinery (NORTH et al. 2012; BREHOVE et al. 2015). 

Additionally, H3K56ac is found in high levels during promoter chromatin disassembly (WILLIAMS 

et al. 2008). Via studies on PHO5, it was determined that H3K56ac is likely involved in the rate-

limiting step of promoter chromatin remodeling – removal of the H3-H4 tetramer – and that this 

process depends on this post-translational modification. Unlike many post-translational histone 

modifications that occur in the context of chromatin, K56-acetylated H3 is likely incorporated into 

promoter chromatin to signal for its disassembly and render this process more feasible, since 
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H3K56ac makes the nucleosome more accessible. Promoter chromatin not marked by H3K56ac, 

or removal of this acetyl group, is associated with gene repression (XU et al. 2007; WILLIAMS et 

al. 2008). Studies in yeast are consistent with the role of H3K56ac in transcriptional programs in 

human embryonic stem cells (XU et al. 2005; XIE et al. 2009). 

Interestingly, methylation of H3K56 has also been described by mass spectrometry studies 

(GARCIA et al. 2007). In vivo and in vitro work suggests that this mark is conserved, identified so 

far in mouse, human, and C. elegans, and is found throughout the cell cycle with the exception of 

S-phase where H3K56 is largely acetylated (JACK et al. 2013). This mark, much like H3K9me3 

and H4K20me3 is enriched in heterochromatin, but remains distinct from these signals by residing 

specifically in pericentromeric chromatin. Much like these heterochromatic marks, H3K56me3 is 

placed by the histone methyltransferase Suv29h and removed by JMJD2 family deacetylases. The 

tradeoff of H3K56 markings during the cell cycle, where methylation is predominant in all stages 

but S phase, is thought to occur by newly synthesized H3, marked prior to chromatin incorporation 

by an acetyl group, turning over “old” methyl-marked H3. It is unclear whether single-cell 

eukaryotes share this H3 turnover pathway. 

1.1.2.4 Other Chromatin Modification Factors Interact with the DNA Entry-Exit Site 

Post-translational modifications within the DNA entry-exit site not only contribute to loosening of 

histone-DNA contacts to support nucleosome opening for DNA-templated processes, but they can 

also act as signals for particular chromatin modifying factors to properly position and time binding. 

The histone chaperone Rtt106 binds H3-H4 dimers where H3K56 is unmodified, but the affinity 

of this interaction is greatly increased when the acetylation mark is present (SU et al. 2012). 

Though Rtt106 does not appear to have a canonical acetyl-lysine reader domain, two separate 

structural domains do recognize H3-H4. The homodimerization domain (DD) of Rtt106 forms a 



 16 

dimer that binds near the dyad at the H3-H3 four-helix bundle, and the pleckstrin-homology 

domains (PH) directly bind H3K56ac to participate in nucleosome remodeling for DNA 

replication, repair, and gene expression (SU et al. 2012; ZUNDER et al. 2012). A patch of basic 

residues on Rtt106, counterintuitively, is important for binding H3-H4. Through structural and 

biochemical work, it’s hypothesized that this patch perhaps binds acidic residues on the 

nucleosome, or with the acidic C-terminal tail of Rtt106 prior to nucleosome binding. The second 

hypothesis is perhaps the best supported, since the two PH domains (located toward the C-terminus 

of the protein) are absolutely required for histone binding (ZUNDER et al. 2012). Binding to Rtt106 

via its PH domains resembles binding of components of the FACT complex, Spt16M (middle 

domain) (HONDELE et al. 2013) and Pob3M (VANDEMARK et al. 2006), to histones. 

The FACT complex binds histones through contacts between Spt16 and the H3 and H4 N-

terminal tails and tail-less H3 and H4 globular domains (BELOTSERKOVSKAYA et al. 2003; STUWE 

et al. 2008), the H2A-H2B dimers that this complex is best known to chaperone, and the H3 αN 

helix (residues 46-65) (HONDELE et al. 2013). Pob3 also binds histone proteins in a manner 

structurally similar to Rtt106 and Spt16 using a PH domain (VANDEMARK et al. 2006). Synthetic 

slow-growth phenotypes occur in Pob3 mutations combined with deletions of the H3 and H4 N-

terminal tails, suggesting a role for the flexible extensions of these histones in the interaction 

between Pob3 and the nucleosome. Interestingly, the FACT interaction with nucleosomes also 

depends on H3K56ac, though it does not bind only acetylated or deacetylated forms of H3. Instead, 

the correct balance of available H3K56 and H3K56ac nucleosomes is critical for FACT to perform 

its chaperoning functions for gene repression and prevention of antisense transcription 

(MCCULLOUGH et al. 2019). 
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The DNA entry-exit site and immediately adjacent linker DNA is also critical for binding 

ATP-dependent ISWI-containing chromatin remodelers (KAGALWALA et al. 2004; SCHWANBECK 

et al. 2004; STROHNER et al. 2005). Hydroxy-radical footprinting studies have shown that ISWI-

containing chromatin remodelers like NURF in D. melanogaster protect the linker-DNA entry 

interface, suggesting its binding at that region (SCHWANBECK et al. 2004). Common to these 

chromatin remodelers is the need to stretch across the nucleosome for full binding and remodeling 

activity. For instance, ISW2 has been shown to bind the H4 tail, near the nucleosome dyad, and 

the DNA entry-exit site including the H3 tail and linker DNA (KAGALWALA et al. 2004). Much 

like other ISWI-like chromatin remodelers, affinity for the nucleosome by the remodeling factor 

increases with longer linker DNA. It has been shown biochemically that ISW2 binds 

asymmetrically to the side of the longer linker and preferentially slides nucleosomes in the 

direction of its binding to a more central position on a strand of DNA. This is unlike well-studied 

ISWI-containing chromatin remodeler ACF, which binds the nucleosome more symmetrically 

(STROHNER et al. 2005). Binding of this chromatin remodeler mirrors NURF, ISW2, and others 

like it, where it capitalizes on spontaneous nucleosome breathing to invade and stabilize the “open” 

conformation. Using hydroxy-radical footprinting and a combination of fluorescence spectroscopy 

techniques, studies of ACF defined the ISWI-like “loop-recapture” model (BROWER-TOLAND et 

al. 2002) for nucleosome binding (Figure 4). After DNA breathing loosens histone-DNA contacts 

at the entry-exit site, DNA is free to interact with neighboring histone surfaces that do not 

necessarily correspond to the original interaction site. This forms a loop of DNA off of the histone 

core, which ACF is free to bind to propagate this loop so that the translational position of the 

nucleosome changes equal to the size, in bp, of the original loop (STROHNER et al. 2005). 
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Figure 4. "Loop recapture" model for chromatin remodeling by ISWI-like factors. 

DNA unwraps or “breathes” from the DNA entry-exit site, leaving DNA free to interact with neighboring 

histone surfaces other than the original interaction site. A loop of DNA forms off of the histone core, which 

chromatin factors may bind. Such a factor (here, a chromatin remodeler, blue oval) may propagate this loop 

so that the translational position of the nucleosome changes equal to the size, in bp, of the original loop. 

1.1.3  General Chromatin Modifications 

1.1.3.1 Histone Modifications 

Nucleosomes are post-translationally modified by histone modifying complexes to signal different 

stages of cellular processes to factors that recognize these modification marks (KOUZARIDES 2007; 

RANDO AND WINSTON 2012). Histone modifications also alter histone-histone and histone-DNA 

contacts and make the DNA template more or less accessible. During transcription, the SAGA and 

NuA4 histone acetyltransferase (HAT) complexes acetylate H3 and H4, respectively, to allow for 

a more open chromatin state that can be further modified and accessed by the transcription 

machinery (ALLARD et al. 1999; GOVIND et al. 2007; WYCE et al. 2007; GINSBURG et al. 2009). 

HATs also have roles in other pathways like replication-coupled nucleosome assembly and DNA 

repair, such as Rtt109 (DRISCOLL et al. 2007; HAN et al. 2007; JESSULAT et al. 2008; IDE et al. 

2013; VOICHEK et al. 2016). NuA3, whose catalytic subunit is Sas3 (“something about silencing”), 
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is found associated with methylated H3 K4 and H3 K36, as well as the histone chaperone FACT, 

suggesting its involvement in transcription and replication (JOHN et al. 2000; MARTIN et al. 2006; 

MARTIN et al. 2017). 

In this open chromatin state, transcription elongation factors, histone modifiers, and other 

chromatin reorganizers interact with Pol II to arrange the chromatin template for effective 

transcription (HAHN AND YOUNG 2011; RANDO AND WINSTON 2012; TOMSON AND ARNDT 2013). 

One of these factors is the multifunctional Paf1 complex. The Paf1 complex regulates 

transcription-coupled ubiquitylation of H2B (H2Bub) by the ubiquitin conjugase, Rad6, and ligase, 

Bre1 (VAN OSS et al. 2017). A trend in histone modification is crosstalk, where some modifications 

are required for placement of other important marks. For instance, the H2B ubiquitylation mark is 

needed for downstream methylation of H3 on lysines 4 and 79 (H3K4me and H3K79me) by Set1 

and Dot1, respectively (SUN AND ALLIS 2002; KROGAN et al. 2003a; NG et al. 2003b). H3K4 

trimethylation (H3K4me3) marks actively transcribed genes and is enriched at the 5’ end of genes 

(BERNSTEIN et al. 2002; SANTOS-ROSA et al. 2002; LIU et al. 2005; POKHOLOK et al. 2005). 

H3K79me inhibits the binding of Sir proteins, transcriptional silencers, to active loci (VAN 

LEEUWEN et al. 2002; KROGAN et al. 2003a; NG et al. 2003a). Therefore, this mark doesn’t 

correlate directly to transcription, but appears ubiquitously throughout the genome. Outside of its 

function in H2Bub, the Paf1 complex also facilitates Set2-mediated methylation of H3K36 

(KROGAN et al. 2003a; NG et al. 2003a; CHU et al. 2007). This mark is enriched at the 3’ end of 

genes and recruits the Rpd3S histone deacetylase complex (HDAC) to prevent initiation from 

cryptic promoters within ORFs (STRAHL et al. 2002; CARROZZA et al. 2005; JOSHI AND STRUHL 

2005; KEOGH et al. 2005; VENKATESH et al. 2012).  
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Table 1. Relevant histone modifications in yeast and higher eukaryotes. 
Residue Modification/M

odifier 
Abbreviation Group Function 

H3 K4 Methylation/ 
COMPASS 

H3K4me Eukaryotes • Marks active 
transcription – H3K4me3 
is enriched at 5’ ends  

(BERNSTEIN et al. 2002; 
SANTOS-ROSA et al. 2002) 

H3 K36 Methylation/ 
Set2 

H3K36me Eukaryotes • Marks active 
transcription – 
H3K36me3 is enriched at 
3’ ends 

(KROGAN et al. 2003b) 
• Prevents cryptic 

transcription 
(CARROZZA et al. 2005; 
JOSHI AND STRUHL 2005; 
KEOGH et al. 2005) 

H3 K42 Methylation/ 
Unknown 

H3K42me Yeast • Transcription 
• DNA damage repair 
• Cell cycle control 
(HYLAND et al. 2011) 
• Stabilization of open 

nucleosome 
(LI AND KONO 2018) 

H3 R42 Methylation/ 
CARM1, 
PRMT6 

H3R42me Humans • Transcription 
• Stabilization of open 

nucleosome 
(CASADIO et al. 2013) 

H3 T45 Phosphorylation/
Cdc7-Dbf4 

H3T45p Eukaryotes • Replication 
(BAKER et al. 2010) 
• Apoptosis 
(BREHOVE et al. 2015) 

H3 K56 Acetylation/ 
Rtt109 

H3K56ac Eukaryotes • Replication-coupled 
nucleosome assembly 

(RECHT et al. 2006) 
• Transcription 
 (XU et al. 2005; WILLIAMS 
et al. 2008; XIE et al. 2009) 

H3 K79 Methylation/ 
Dot1 

H3K79me Eukaryotes • Transcriptional silencing 
(VAN LEEUWEN et al. 2002) 

H2B 
K120/K123 

Ubiquitylation/ 
Rad6-Bre1 

H2BK120ub/
H2BK123ub/

H2Bub 

Humans/ 
Yeast 

• Transcription 
(XIAO et al. 2005) 
• Promoter-proximal 

pausing 
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(FUCHS et al. 2014; WU et al. 
2014) 
• Methylation of H3 K4 

and K79 
(SUN AND ALLIS 2002; 
KROGAN et al. 2003a; NG et 
al. 2003b) 

 

1.1.3.2 Chromatin Remodelers 

During transcription, ATP-dependent chromatin remodelers can reposition, slide, or remove 

nucleosomes to facilitate the passage of Pol II. Often, these chromatin remodelers are recruited or 

perform their functions as a consequence of transcription-coupled histone modifications, discussed 

above. For instance, the SWI/SNF (SWItch/Sucrose Non-Fermentable) chromatin remodeler is 

involved in replacing nucleosomes at the promoters of some stress-inducible genes to promote 

transcription activator binding (BURNS AND PETERSON 1997; RAWAL et al. 2018). Histone 

acetylation by the Gcn5 subunit of the SAGA complex is required for the recruitment of the 

SWI/SNF complex in yeast (ROBERTS AND WINSTON 1997; QIU et al. 2016), and in fact appears 

to be required for SWI/SNF activity (SYNTICHAKI et al. 2000; HASSAN et al. 2001; CHANDY et al. 

2006). Similarly, essential chromatin remodeler RSC (Remodels the Structure of Chromatin), an 

enzyme in the SWI/SNF family, requires interaction with acetylated lysines through six 

bromodomains whose mutations are synthetically lethal in combination with a Gcn5 mutant 

(KASTEN et al. 2004; CHATTERJEE et al. 2011). In addition to gene expression, RSC has crucial 

roles in DNA damage repair, replication, and even chromosome segregation (HSU et al. 2003; 

NIIMI et al. 2012; CZAJA et al. 2014). 

Members of the ISWI (Imitation SWItch) family laterally reposition nucleosomes both near 

nucleosome-depleted regions (NDRs) to activate and inactivate sense and antisense transcription, 
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as well as along coding regions to promote transcription elongation. Isw2 moves nucleosomes to 

unfavorable intergenic sequences to prevent both canonical and pervasive transcription 

(WHITEHOUSE et al. 2007). Isw1, on the other hand, activates transcription by moving NDR-

adjacent nucleosomes away from transcription factor binding sites (MORILLON et al. 2003). Isw1 

is also thought to promote proper transcription elongation and termination by maintaining a 

repressive chromatin state over cryptic initiation sites (ALEN et al. 2002; MORILLON et al. 2003; 

VARY et al. 2003; TIROSH et al. 2010). Members of this family have been shown to contain PHD 

fingers, which interact with methylated lysines like H3K36 and, in some human ISWI-family 

members, H3K4me (WYSOCKA et al. 2006). 

CHD (Chromodomain-Helicase-DNA binding) family remodelers are thought to share 

some redundant functions with members of the ISWI family (ALEN et al. 2002). These remodelers 

also share some similarities in their chromatin recruitment – one of the distinguishing features of 

a CHD remodeler is its N-terminal, tandem chromodomains that allow for binding to methylated 

histones (MARFELLA AND IMBALZANO 2007). Chd1, involved in all stages of transcription, is also 

recruited to the 5’ end of genes by Mediator and the Paf1 complex for elongation-coupled 

nucleosome turnover (SIMIC et al. 2003; LIN et al. 2011) and at the 3’ end of genes, possibly by 

H3K36me through the chromodomains, to repress cryptic initiation alongside Isw1 (LI et al. 2007; 

MALTBY et al. 2012; SMOLLE et al. 2012). 

1.1.3.3 Histone Chaperones 

Canonical histones and histone variants are added and removed from nucleosomes by histone 

chaperones at various stages of the cell’s activities (JANSEN AND VERSTREPEN 2011). The histone 

chaperone Spt16-Pob3/FACT (Facilitates Chromatin Transcription) disassembles and reassembles 

nucleosomes for passage of Pol II (MARTIN et al. 2018). FACT’s primary chaperoning activity is 
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through destabilization of interactions between H2A-H2B dimers and the H3-H4 tetramer, 

allowing it to evict H2A-H2B dimers from nucleosomes to render them more open to processes 

like transcription. FACT does this while maintaining the integrity of histone components for 

reassembly of nucleosomes in the wake of Pol II (CHEN et al. 2018b). Interestingly, FACT can 

specifically recognize Pol II-disturbed nucleosomes to perform its role in reassembly (MARTIN et 

al. 2018). In addition to its roles in transcription, FACT also regulates DNA replication and repair 

(WITTMEYER AND FORMOSA 1997; SCHLESINGER AND FORMOSA 2000; KELLER AND LU 2002; HEO 

et al. 2008). FACT is also capable of chaperoning H3-H4 tetramers, however, and has been shown 

to deposit both dimers and tetramers onto chromatin (BELOTSERKOVSKAYA et al. 2003). 

Asf1 (Anti-Silencing Factor) chaperones newly synthesized H3-H4 to assemble these 

histones into the nucleosome in a replication-independent manner with the help of the HIR 

complex (GREEN et al. 2005). Asf1 also contributes to nucleosome assembly during DNA repair 

and replication (EMILI et al. 2001; HU et al. 2001; ZHANG et al. 2018), functions in transcriptional 

silencing (ADKINS et al. 2004; SHARP et al. 2005), and reassembles chromatin post-

transcriptionally (SCHWABISH AND STRUHL 2006). Rtt106, discussed above, is a chaperone for 

histones H3 and H4. This factor binds preferentially to H3 acetylated at lysine 56 and has been 

shown to act as a repressor for some genes, including the histone genes, by assembling 

nucleosomes over their promoters (HUANG et al. 2005; LI et al. 2008). 

Spt6 directly interacts with histones (BORTVIN AND WINSTON 1996; VOS et al. 2018; ZHU 

et al. 2018) and is required for normal chromatin structure during transcription (KAPLAN et al. 

2003). In addition to the histones, Spt6 interacts directly with RNA polymerase II and Spt4/5, 

suggesting its chaperoning function is closely coupled to transcription elongation (ENDOH et al. 

2004; SDANO et al. 2017; DRONAMRAJU et al. 2018a). Spt6 and FACT have both been extensively 
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characterized to promote transcription, but both histone chaperones are also critical for prevention 

of cryptic transcription by restricting mislocalization of histone H2A.Z, a partially destabilizing 

histone variant of H2A commonly found at regions of the genome that need to be easily accessed, 

like promoters (JERONIMO et al. 2015; DORIS et al. 2018). 

1.2 EUKARYOTIC TRANSCRIPTION 

The first critical step of gene expression is transcription, where genomic DNA must be accurately 

copied as RNA, a molecule better suited to exit the nucleus and perform such biological functions 

as providing a template for protein synthesis. Transcription can be broken into three main phases: 

initiation, elongation, and termination (SHANDILYA AND ROBERTS 2012). While eukaryotic 

genomes generally encode three DNA-dependent RNA polymerases, Pol II transcribes the vast 

majority of genes in S. cerevisiae, including protein-coding genes and many noncoding loci 

(KAPLAN 2013). Activity of this massive molecular machine, made up of 12 protein subunits and 

weighing approximately 1.6 MDa, is tightly regulated by the coordinated actions of several protein 

transcription factors binding to the chromatin template or the polymerase itself. The largest subunit 

of Pol II, Rpb1, has a C-terminal domain (CTD) that is differentially phosphorylated throughout 

the transcription cycle which serves as a dynamic platform for the recruitment of these stage-

specific factors to modify the template, co-transcriptionally splice the nascent RNA, and signal for 

termination at the proper location, among other critical functions (HSIN AND MANLEY 2012; 

SHANDILYA AND ROBERTS 2012; KAPLAN 2013). 



 25 

1.2.1  Initiation 

At the single-gene level, transcription initiation is best understood at TATA-containing promoters, 

where a predictable assembly of general transcription factors (GTFs) assemble at the promoter to 

recruit Pol II and promote productive transcription (GRUNBERG AND HAHN 2013). Together, these 

GTFs form the preinitiation complex (PIC), which makes several important interactions not only 

with promoter DNA, but with the polymerase to form the scaffold necessary to initiate 

transcriptional activity. First, the transcription factor TBP (TATA-binding protein) binds the 

promoter at the TATAWAWR (W=A/T, R=A/G) consensus sequence (BASEHOAR et al. 2004). 

TBP can bind the promoter alone or as part of a larger complex, transcription factor IID (TFIID), 

which consists of TBP and the TBP-associated proteins (TAFs) (SAINSBURY et al. 2015). TFIID 

contributes to the expression of about 90% of Pol II-transcribed yeast genes (HUISINGA AND PUGH 

2004; WARFIELD et al. 2017), and is able to do so even at those without canonical TATA sequences 

due to the ability of the TAFs to bind other core promoter DNA elements (PATEL et al. 2018). 

TFIIA binds the promoter and stabilizes the TBP-DNA complex (SAINSBURY et al. 2015). 

TFIIB is one of the next factors to join the expanding PIC. In yeast, the essential SUA7 

gene encodes TFIIB. Some mutations to this gene not only dramatically slow cell growth, but also 

deregulate transcription start site (TSS) selection at many genes (PINTO et al. 1992; GOEL et al. 

2012). Recognition of the TBP-DNA complex by the first of two imperfect, 76 amino acid repeats 

in the C-terminal domain of TFIIB recruits it to chromatin (HA et al. 1993; WANG AND ROBERTS 

2010). Importantly, TFIIB then acts to recruit Pol II to the initiation complex through both C-

terminal repeats, specifically through arginines 286, 290, and 295. Together, these interactions 

bridge the gap between promoter DNA and the unphosphorylated, inactive form of Pol II, thus 

appropriately placing it for promoter escape and productive transcription. 
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TFIIF interacts with the N-terminal domain of TFIIB (HA et al. 1993; LUSE 2012), and this 

interaction is thought to stabilize TFIIB within the elongation complex (CABART et al. 2011). 

While TFIIF is found associated with only approximately 50% of Pol II in yeast, and it is not 

absolutely essential for promoter escape and initiation of productive transcription, absence of this 

transcription factor results in loss of TFIIB association at approximately +12 bp from the 

transcription start site (TSS). TFIIF helps prevent nonspecific DNA binding by Pol II (CONAWAY 

et al. 1991; GHAZY et al. 2004; KHAPERSKYY et al. 2008) and, together with TFIIB, helps stabilize 

the transcription bubble upon its opening (PAN AND GREENBLATT 1994; LUSE 2012). 

TFIIE and TFIIH are essential for opening DNA for transcription. Structural and 

biochemical data suggest that TFIIE alone can stabilize the open bubble at some promoter 

templates in vitro by binding to single-stranded DNA (HOLSTEGE et al. 1995). In vivo, the major 

function of TFIIE is thought to be its ability to recruit TFIIH to the PIC and stimulate its activity 

as the ATP-dependent DNA helicase that opens double-stranded DNA at the promoter (HOLSTEGE 

et al. 1996; CABART AND LUSE 2012). TFIIH functions as a non-canonical DNA helicase and 

instead acts almost as a “molecular wrench” that anchors on DNA downstream of the promoter 

and rotates, physically unwinding or melting the double helix to form the transcription bubble 

(KIM et al. 2000; GREBER et al. 2017; GREBER et al. 2019). Together with TFIIF and TFIIB, TFIIE 

stabilizes this open DNA conformation to allow for transcription initiation (Figure 5). 

Finally, other critical factors that assemble at the PIC and regulate not only various aspects 

of initiation, but also other downstream transcription events, are the coactivators. Coactivator 

complexes present at almost all Pol II-transcribed genes include the Mediator and SAGA 

complexes. Mediator is a large, multi-subunit complex (21 subunits in S. cerevisiae, 26 in humans), 

that acts to help recruit the GTFs and “bridge” communication between GTFs and Pol II (HARPER 
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AND TAATJES 2018). Many of the GTFs do not contact Pol II directly, so this massive, modular 

complex helps assemble the complete PIC by recruiting Pol II through direct interaction with 

unphosphorylated CTD, and then stabilizes critical PIC interactions (ALLEN AND TAATJES 2015). 

Mediator contributes to retention of Pol II at the PIC until the Cdc7/Kin28 subunit of TFIIH 

phosphorylates serine 5 of the consensus CTD repeat YSPTSPS, which disrupts the Mediator-Pol 

II interaction and encourages promoter escape (JERONIMO AND ROBERT 2014; WONG et al. 2014). 

SAGA is a highly modular coactivator complex that shares many subunits with other 

complexes, including TFIID (HELMLINGER AND TORA 2017). This large coactivator performs a 

variety of functions in regulating chromatin and other transcription factors through its multiple 

modules, including histone acetyltransferase (HAT) and deubiquitinase (DUB) modules for 

histone modification, a transcription factor binding module, and a splicing module all centered 

around the core structural module. Contrary to early belief that genes were either TFIID-dominated 

or SAGA-dominated in their expression (HUISINGA AND PUGH 2004), more recent evidence 

suggests that these two coactivators are general factors that regulate chromatin state and 

transcription at almost all yeast genes (BAPTISTA et al. 2017; WARFIELD et al. 2017). 

Genome-wide experiments have recently shown that the PIC components described here 

can be mapped to promoters containing or lacking the canonical TATA consensus sequence (RHEE 

AND PUGH 2012). Except for subtle differences in TAF composition and GTF occupancy at some 

genes, the PIC assembly program is generally conserved at Pol II targets. 
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Figure 5. Transcription initiation requires the functions of many factors. 

1.2.2  Elongation 

The highly conserved C-terminal domain (CTD) of Rpb1, the largest subunit of RNA polymerase 

II, acts as a molecular conductor for timely assembly of the transcription elongation factors that 

have critical roles in elongation and RNA processing. Depending on the phosphorylation state of 

residues in the YSPTSPS consensus sequence, factors involved in chromatin modification, co-

transcriptional splicing, transcription termination, and RNA processing are recruited at the 

appropriate time in the elongation process to perform their functions (BURATOWSKI 2009). The 

start of productive transcription is coordinated by the phosphorylation of Ser5 by a subunit of 

TFIIH (JERONIMO AND ROBERT 2014; WONG et al. 2014), which helps release the polymerase from 

the preinitiation complex for translocation along the open reading frame. This phosphorylation 

mark recruits various transcription and early RNA processing factors, including the mRNA 

capping enzyme (Figure 6A) (FABREGA et al. 2003; SUH et al. 2010). 

Chemical modification is, in fact, a common theme in active transcription. The chromatin 

template is also highly modified, as discussed above, presumably as a signal to the cell of the 

transcriptional state of a particular locus. Phosphorylation of the CTD at Ser5, with the help of the 
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Paf1 complex, is responsible for recruiting Set1, the histone methyltransferase for H3K4, which 

places methyl marks that demarcate the 5’ and 3’ ends of actively transcribed genes (Figure 6B) 

(KROGAN et al. 2003a; NG et al. 2003b). H3K4me3 is strongly enriched at the 5’ ends of genes, 

while dimethylated H3K4 appears further downstream. This distinction in histone modification 

from gene end to end signals factors like histone deacetylases, that bind to or “read” specific 

histone modifications. Set3, for example, binds H3K4me2 to restore a more closed, 

transcriptionally inactive chromatin state by removing acetylation marks from histones H3 and H4 

(KIM AND BURATOWSKI 2009). 

Upon release of Pol II from the PIC through phosphorylation of Ser5, active transcription 

begins. Pol II is best described as a Brownian ratchet where rates of translocation and catalysis are 

closely coupled (DANGKULWANICH et al. 2013). This mechanism depends on two main 

conformational states of the polymerase on DNA – pre- and post-translocated states – that 

physically couple nucleotide addition with forward progression (GUAJARDO AND SOUSA 1997). 

Upon NTP incorporation, the polymerase translocates and sequesters the new NTP into its active 

site where bond formation and pyrophosphate (PPi ) release occurs. PPi release triggers reset of 

the polymerase to its pre-translocated state, where it can proceed through another cycle of 

nucleotide incorporation or enter an off-pathway paused state and backtrack. This retrograde 

polymerase motion often occurs in response to particular sequences or structural impediments such 

as DNA-bound proteins and DNA damage (NUDLER 2012). Polymerase pausing can also be 

regulatory, as in promoter-proximal pausing in higher eukaryotes (CHEN et al. 2018a), where Pol 

II stalls near the 5’ end of genes and is poised for signals to activate productive transcription in 

certain cellular contexts. The most well-known example of such a regulatory pause was described 

for Drosophila melanogaster heat-shock genes, where Pol II associates even with uninduced heat-
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shock gene promoters, presumably readying cells for rapid response in the event of stress 

(GILMOUR AND LIS 1986; CHEN et al. 2018a). 

Entering these states depends on the evolutionarily conserved trigger loop (TL), which 

extends beneath the NTP in the nucleotide addition site of Pol II, and, upon incorporation of each 

correct nucleotide, makes extensive contacts with the NTP (WANG et al. 2006; HUANG et al. 2010; 

WANG et al. 2013). Through additional intramolecular contacts with other portions of Pol II, a 

single histidine is placed in the appropriate location to “trigger” phosphodiester bond formation 

within the Pol II active site. During pausing, altered Pol II intramolecular contacts stabilize the 

structure of the TL so that it can no longer perform its critical role in nucleotide addition 

(TOULOKHONOV et al. 2007; ZHANG et al. 2010; SABA et al. 2019). 

Transition from early to late transcription elongation, and thus the recruitment of later-

acting factors like termination factors, depends on the transition of Pol II CTD phosphorylation 

from Ser5P to Ser2P (HARLEN AND CHURCHMAN 2017). Some Ser5P persists throughout 

transcription, but many Ser5 residues in the CTD are dephosphorylated by evolutionarily 

conserved phosphatases Rtr1 (MOSLEY et al. 2009) and Ssu72 (KRISHNAMURTHY et al. 2004). Ser2 

is phosphorylated by Cdk9, a subunit of positive transcription elongation factor P-TEFb in higher 

eukaryotes (interestingly, the same factor that relieves promoter-proximal pausing) (NI et al. 

2004), and redundantly by Ctk1 (CHO et al. 2001) and Bur1 (LIU et al. 2009; QIU et al. 2009) in 

yeast. The yeast Bur1 kinase was originally described as the kinase for positive transcription factor 

Spt5 (a subunit of Spt4/5 or DSIF, in higher eukaryotes) (ZHOU et al. 2009), whose 

phosphorylation assists in recruiting the Paf1 complex for co-transcriptional histone modification 

(LIU et al. 2009). The elegant yet simple mechanism by which these Ser2 kinases are recruited to 

the elongation complex involves their binding to Ser5 phosphorylated CTD (QIU et al. 2009). This 
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requires that Ser2 phosphorylation is placed after Ser5 phosphorylation, ensuring that earlier 

elongation processes like mRNA capping and proper 5’ end histone modification have occurred. 

Ser2 phosphorylation balances productive and nonproductive transcription by recruiting 

factors that remove nucleosome barriers to Pol II (the histone chaperone Spt6) and reduce 

nucleosome accessibility (histone methyltransferase Set2), respectively. Spt6 is an H3-H4 

chaperone that supports transcription elongation by restructuring, and transiently making more 

accessible, genic nucleosomes for the passage of Pol II (ENDOH et al. 2004; SIMS et al. 2004; VOS 

et al. 2018). This histone chaperone binds doubly phosphorylated (Ser2 and Ser5) CTD through 

C-terminal SH2 domains that recognize phosphoserine (YOH et al. 2007; SDANO et al. 2017), and 

is recruited through the help of the Paf1 complex (ADELMAN et al. 2006). Doubly phosphorylated 

CTD at Ser2 and Ser5 recruits Set2, the methyltransferase for H3K36 (Figure 6C) (XIAO et al. 

2003; FUCHS et al. 2012). Much like H3K4me, a gradient of H3K36me where trimethylation 

increases toward the 3’ end of a gene signals active transcription to the cell and brings specific 

transcription factors to the elongation complex (KROGAN et al. 2003b; FUCHS et al. 2012). 

Somewhat redundantly to H3K4me2, H3K36me3 recruits Rpd3S, another histone deacetylase that 

closes chromatin against pervasive, or cryptic, transcription (CARROZZA et al. 2005; JOSHI AND 

STRUHL 2005; KEOGH et al. 2005). 
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Figure 6. Phosphorylation state of the CTD of Pol II recruits factors that regulate transcription 

elongation. 

(A) TFIIH phosphorylates the Pol II CTD at serine 5 to release the polymerase from the preinitiation 

complex and begin productive elongation. 5’ capping machinery binds this phosphorylated CTD and caps 

(red hexagon) the nascent RNA (red line) co-transcriptionally as it emerges from the active site of Pol II. 

(B) The Set1 histone methyltransferase also recognizes Ser5 phosphorylated CTD and is recruited to 

chromatin, with the help of the Paf1 complex, to methylate H3 on lysine 4. The cartoon diagram of the 

nucleosome is colored as in Figure 1. Methyl marks are indicated as small blue circles. Set1 trimethylates 

H3K4 close to the 5’ end and dimethylates H3K4 closer to the 3’ end. (C) After approximately 500 bp, Rtr1 

and/or Ssu72 dephosphorylates some, but not all, Ser5 residues in the CTD. Ctk1 and/or Bur1 places the 

Ser2P mark. This transition in CTD phosphorylation state recruits Spt6, which in turn helps recruit Set2 

(XIAO et al. 2003; FUCHS et al. 2012). Set2 dimethylates H3K36 in the gene body, and trimethylates H3K36 

closer to the 3’ end (KROGAN et al. 2003b; FUCHS et al. 2012). 

1.2.3  Termination 

There are two major, essential pathways of termination by Pol II in yeast: cleavage and 

polyadenylation-dependent termination of protein-coding genes, and NNS-dependent termination 

of noncoding transcripts. The complexes required to carry out these pathways respond to different 

signals from the elongation complex to terminate these different kinds of transcripts, including 

recognition of differential Pol II CTD phosphorylation states, and binding to unique, specific 

signals in their target nascent RNAs. 
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1.2.3.1 Polyadenylation-Dependent Termination 

Protein-coding genes are transcribed by RNA polymerase II to yield messenger RNAs (mRNAs) 

that are transported from the nucleus to the cytoplasm to be translated into protein. This class of 

transcript makes up a large proportion of Pol II-transcribed RNAs, and the pathway responsible 

for termination of these RNAs is quite well understood. In yeast, termination of mRNAs involves 

three main complexes: cleavage and polyadenylation factor (CPF), cleavage factor IA (CFIA), and 

cleavage factor IB (CFIB) (PORRUA AND LIBRI 2015). Together, these complexes form the larger 

CPF-CF complex that assembles through interactions with signals in the nascent RNA and by 

binding directly to the body and CTD of Pol II to cleave nascent RNA from the polymerase, recruit 

factors for 3’ end-processing and stabilization, and disengage Pol II from the DNA template. 

Transcription of the consensus AAUAAA hexamer (the polyadenylation signal, or PAS), 

usually found 10-35 bp upstream of the transcript’s cleavage and polyadenylation site (PROUDFOOT 

AND BROWNLEE 1976; FITZGERALD AND SHENK 1981; HU et al. 2005) significantly slows and then 

pauses Pol II activity (OROZCO et al. 2002), allowing for more effective binding of termination 

and 3’ end processing factors (GLOVER-CUTTER et al. 2008). Several members of the CPF-CF 

complex are recruited to this PAS in the nascent RNA (GILMARTIN AND NEVINS 1989; TAKAGAKI 

et al. 1989), as well as to a U- or UG-rich sequence downstream of the poly(A) site (SIMONSEN 

AND LEVINSON 1983; GIL AND PROUDFOOT 1984; HU et al. 2005). In addition to recognition of 

these RNA signals, factors like Pcf11 and Clp1 (subunits of the CFIA complex) bind directly to 

Ser2 phosphorylated Pol II CTD and to the Pol II core, respectively (PEARSON AND MOORE 2014). 

Directed by these redundant recruitment mechanisms, CPF subunit Ysh1, an endoribonuclease, 

cleaves the nascent RNA at the poly(A) site (GARAS et al. 2008). This cleavage releases the nascent 

RNA from the elongation complex with a free 3’ hydroxyl, to which the poly(A) polymerase Pap1 
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adds approximately 70 nucleotides (~200 nt in mammals) (Figure 7A) (KUHN et al. 2009; 

EZEOKONKWO et al. 2012). Poly(A) binding proteins – Pab1 and/or Nab2 in yeast – bind the 

polyadenylate tail and serve to protect the nascent RNA from 3’ degradation and assist in nuclear 

export (HECTOR et al. 2002; DUNN et al. 2005). 

Pol II continues transcribing beyond the poly(A) site until it is disengaged from the DNA 

by additional factors. During transcription elongation, the active site of Pol II harbors an 

approximately 8 bp hybrid of single-stranded DNA bound to the RNA transcript being synthesized 

(KIREEVA et al. 2000). This RNA:DNA hybrid is thought to be a major contributor to the stability 

of the Pol II elongation complex throughout transcription, so its dissociation, predictably, is a 

critical step in transcription termination (KOMISSAROVA et al. 2002). One factor thought to perform 

this function is the 5’-3’ exoribonuclease Rat1/Rai1 (XRN2/DOM3Z in higher eukaryotes), which 

is recruited to paused polymerase downstream of a poly(A) site through interactions with Rtt103 

and 3’ end processing factors that bind Ser2P CTD (KIM et al. 2004). In the torpedo model of 

transcription termination, cleavage of the nascent RNA at the poly(A) site is thought to provide a 

site for the Rat1/Rai1 exonuclease to load onto nascent RNA, where it degrades the RNA in the 5’ 

to 3’ direction until it encounters the elongating polymerase (KIM et al. 2004; WEST et al. 2004; 

LUO et al. 2006). Breaking the RNA:DNA hybrid in this way is thought to dislodge Pol II from 

the DNA, thus terminating transcription (Figure 7B).  
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Figure  7.  Cleavage  and  polyadenylation-dependent  transcription  termination  requires  a  large, 

multisubunit complex. 

(A) The CPF-CF complex recognizes Ser2P CTD and the polyadenylation signal. CPF subunit Ysh1 cleaves 

the nascent RNA at the PAS and releases the RNA for polyadenylation by Pap1, the poly(A) polymerase 

in yeast. Poly(A) binding proteins (not shown) bind the polyadenylate tail to protect the 3’ end of the nascent 

RNA. (B) Rtt103, a Ser2P-binding protein, helps recruit the Rat1/Rai1 5’-3’ exonuribonuclease to the 

nascent RNA still associated with Pol II. Rat1 degrades the RNA until it catches up with Pol II and 

dismantles the RNA:DNA hybrid within the active site, releasing Pol II. 
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1.2.3.2 NNS-Dependent Termination 

In addition to the polyadenylation-dependent pathway described above, yeast have a second 

essential termination pathway for its Pol II-transcribed small, noncoding RNAs (discussed in more 

detail below), short mRNAs, and regulatory transcription attenuation of some mRNAs (STEINMETZ 

et al. 2006; SCHULZ et al. 2013). This pathway depends primarily on three main proteins: Nrd1 

and Nab3, RNA-binding proteins that bind specific target sequences within the nascent RNA, and 

Sen1, an RNA-DNA helicase critical for disentangling the hybrid RNA:DNA duplex, thus 

terminating transcription. The decision to employ one of the two termination pathways largely 

relies on the length of the transcript: shorter transcripts are associated with Ser5-phosphorylated 

Pol II, which recruits Nrd1 through its CTD-interacting domain (CID) (Figure 8A) (VASILJEVA et 

al. 2008). Longer transcripts are associated primarily with Ser2-phosphorylated Pol II, which is 

repressive to the NNS pathway, but activating to polyadenylation-dependent termination (see 

above) (GUDIPATI et al. 2008). 

Nrd1 (Nuclear pre-mRNA Downregulation 1) and Nab3 (Nuclear polyAdenylated-RNA 

Binding 3) are heterogeneous nuclear ribonucleoprotein (hnRNP)-like proteins, a class of proteins 

that typically has pre-mRNA processing functions in mammals (STEINMETZ AND BROW 1996; 

CONRAD et al. 2000). Nab3 was first identified in a screen for hnRNP-like proteins in yeast 

(WILSON et al. 1994), as it shares sequence homology with mammalian hnRNP-C, and contains 

several RNA-binding motifs thought to be critical to its role in termination (LOYA et al. 2012; 

LOYA et al. 2013). Nrd1 and Sen1 were first linked to termination as trans-factors acting on a 

novel termination sequence element (STEINMETZ AND BROW 1996). Nrd1, also an hnRNP-like 

protein, has RNA-binding motifs, and an N-terminal CTD-interacting domain (CID) like those 

found in mammalian SCAF4 and SCAF8 (STEINMETZ AND BROW 1996; VASILJEVA et al. 2008). 
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Through their RRMs, Nab3 recognizes a UCUUG (or as long as UUCUUGUW) consensus 

sequence, as determined by biochemical and genome-wide studies, and Nrd1 binds to GUA[A/G] 

(CARROLL et al. 2004; CARROLL et al. 2007; CREAMER et al. 2011; PORRUA et al. 2012; WEBB et 

al. 2014). Sen1 (splicing endonuclease 1), the yeast ortholog of mammalian senataxin, is a 

Superfamily I-like nucleic acid helicase with a wide array of likely roles in the cell, including its 

original assigned function, tRNA splicing, plus DNA repair, transcription, and RNA processing 

(WINEY AND CULBERTSON 1988; URSIC et al. 1997; URSIC et al. 2004; STEINMETZ et al. 2006). 

Together, Nrd1 and Nab3 bind the nascent RNA and heterodimerize, providing the optimal 

ribonucleoprotein for Sen1 recruitment. Sen1 additionally directly interacts with Pol II 

(CHINCHILLA et al. 2012). 

Upon recruitment, Sen1 tracks along the elongating RNA in kinetic competition with Pol 

II and breaks the stable ternary Pol II-DNA-RNA complex to terminate transcription 

(HAZELBAKER et al. 2013; PORRUA AND LIBRI 2013), a method that mirrors prokaryotic Rho-

dependent termination (Figure 8B). Therefore, moderation of Pol II speed during transcription 

elongation is important for proper termination by the NNS pathway. Because the chromatin 

template regulates Pol II elongation rate, it is not surprising that factors that affect chromatin 

structure are also involved in the NNS pathway. Paf1 complex-mediated H2Bub, H3K4me3, and 

H3K36me3 have all been shown to play important roles in regulating proper NNS-dependent 

termination, particularly preventing terminator readthrough (SHELDON et al. 2005; TERZI et al. 

2011; TOMSON et al. 2011; TOMSON et al. 2013). 

Much like polyadenylation-dependent transcription, the NNS pathway couples termination 

of target transcripts to their post-transcriptional processing. Upon termination, the CID of Nrd1 

releases Pol II and binds the TRAMP (Trf4/Air2/Mtr4 Polyadenylation) complex in a mutually 
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exclusive manner, bringing it in close proximity of terminating RNAs (TUDEK et al. 2014). Nrd1 

and the TRAMP complex recruit the nuclear exosome whose active subunit, Rrp6, trims or 

completely degrades the polyadenylated, nascent RNA, depending on the transcript’s downstream 

function (LACAVA ET AL. 2005; VANACOVA ET AL. 2005; WYERS ET AL. 2005; JIA ET AL. 2011; JIA 

ET AL. 2012). For example, snoRNAs and other functional RNAs are matured and trimmed by the 

3’-to-5’ exonuclease complex, while CUTs are completely degraded (ALLMANG et al. 1999; VAN 

HOOF et al. 2000; VANACOVA et al. 2005; WYERS et al. 2005; TUDEK et al. 2014). 

 

Figure 8. The Nrd1-Nab3-Sen1 pathway terminates many short, noncoding RNAs. 
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(A) Nrd1 is recruited to nascent RNA via Ser5P CTD and Nrd1 binding sequences in the nascent RNA.

Nab3 also recognizes certain signals in the RNA. Together, these two components heterodimerize and 

recruit Sen1 helicase. (B) Once recruited to the nascent RNA, Sen1 translocates along the nascent RNA 

until it reaches the active site of Pol II. It unwinds the stable RNA:DNA hybrid, releasing the nascent RNA 

for further processing, and dislodging Pol II. 

1.3 NONCODING TRANSCRIPT TYPES IN YEAST 

In budding yeast, as with all eukaryotes, transcription is pervasive and not restricted to protein-

coding genes (JENSEN et al. 2013). While classes of RNA types may share some common features, 

there are unique aspects of the noncoding RNAs (ncRNAs) that set them apart for specialized 

transcription and RNA processing. Within the ncRNAs, defining any single transcript as a member 

of one specific class is quite difficult, as many of the classes share overlapping features. 

1.3.1  snoRNAs and snRNAs 

Small nucleolar and small nuclear RNAs (snoRNAs and snRNAs, respectively) are noncoding, 

functional RNAs largely transcribed by RNA polymerase II in Saccharomyces cerevisiae. snRNAs 

are small, nucleoplasmic RNAs that primarily function as subunits of the spliceosome, the complex 

that removes intronic sequence from the pre-mRNAs of protein-coding genes (VALADKHAN 2005). 

snRNAs making up the yeast spliceosome consist of U1, U2, U4, U5, and U6, all of which form 

small nuclear ribonucleoprotein complexes (snRNPs) critical to the spliceosome’s overall structure 

and function (YAN et al. 2015; YAN et al. 2016). The snRNA components of the spliceosome act 

to base pair with intron-exon junctions to guide removal of introns for splicing pre-mRNAs into 
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mature mRNA transcripts (NILSEN 2003). While transcription of yeast snRNAs is coupled to 

processing and maturation by NNS-dependent termination, followed by polyadenylation by the 

TRAMP complex and processing by the nuclear exosome, as discussed above, transcription of 

these ncRNAs in metazoans differs only slightly from transcription of protein-coding genes. 

snRNAs depend on the Integrator complex, rather than NNS, for coupling their transcription to 3’ 

processing (BAILLAT et al. 2005). Subunits of Integrator share some similarity to components of 

cleavage and polyadenylation specificity factor (CPSF, CPF in yeast) and interact directly with the 

CTD of Pol II to carry out very similar cleavage and 3’ end processing roles as the NNS complex 

in yeast. 

snoRNAs are broken into two main subclasses: C/D box and H/ACA box snoRNAs. While 

eukaryotic genomes encode very few snRNAs, there are approximately 76 snoRNAs encoded by 

the yeast genome and more than 200 in the human genome (LESTRADE AND WEBER 2006; PIEKNA-

PRZYBYLSKA et al. 2007). Interestingly, it is not only eukaryotic genomes that encode snoRNAs; 

in fact, they appear to have evolved approximately 2 billion years ago and such ancient origins 

allow for detection of these small, functional ncRNAs in all three extant domains of life (TERNS 

AND TERNS 2002). The earliest recognized role for snoRNAs was their ability to post-

transcriptionally modify other RNAs, including the rRNAs, whose modifications are required for 

ribosomal function (DECATUR AND FOURNIER 2003). In addition to the rRNAs, snoRNAs can 

target snRNAs in eukaryotes (DARZACQ et al. 2002), tRNAs in archaea (DENNIS et al. 2001), and 

even some mRNAs in mammals (CAVAILLE et al. 2000). The role for snoRNAs in these 

interactions is as modification-guide RNAs, where the major function of the RNA component is 

to base pair, and bridge, the modification target and the catalytic portion of the modification RNP 

(OMER et al. 2002; BORTOLIN et al. 2003; BAKER et al. 2005; CHARPENTIER et al. 2005). These 
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more recent studies of this diverse class of RNAs shows that snoRNAs have evolved functions far 

beyond what their “nucleolar” name suggests. 

1.3.2  CUTs 

Cryptic unstable transcripts (CUTs) were first uncovered in cells where Rrp6, the catalytic subunit 

of the nuclear exosome, or the subunits of the TRAMP complex, responsible for polyadenylating 

ncRNAs, were deleted (WYERS et al. 2005; DAVIS AND ARES 2006; HOUALLA et al. 2006). 

Multiple studies have defined CUTs as approximately 200-600 bp in length, often initiating from 

the promoters of protein-coding genes, and heterogeneous at their 3’ ends (NEIL et al. 2009; XU et 

al. 2009). Approximately 78% of these genome-wide studies show CUTs arising as divergent 

transcripts from the nucleosome-free regions (NDRs) of protein-coding genes, possibly as a result 

of the activity of some general transcription factors involved in PIC formation not having specific 

polarities. This hypothesis suggests that many promoters are by nature bidirectional and that 

productive and nonproductive transcripts are differentially retained post-transcriptionally. 

Some CUTs, however, are not simply the result of bidirectional transcription initiation and 

sometimes occur in tandem with protein-coding genes. A well-studied example of this is the SRG1-

SER3 locus, where expression of the SRG1 noncoding RNA has functional consequence. When 

grown in the presence of ample serine, yeast highly express SRG1, whose TSS is upstream of the 

TSS for SER3. This results in a transcript that overlaps the SER3 promoter and changes its 

chromatin architecture, repressing transcription of SER3 when its gene product is not needed 

(MARTENS et al. 2004; MARTENS et al. 2005; HAINER et al. 2011; PRUNESKI et al. 2011). 
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1.3.3  SUTs, XUTs, and NUTs 

Stable unannotated transcripts (SUTs) arose from genome-wide studies on pervasive transcription 

(XU et al. 2009). These transcripts remain unannotated and their functions have not been 

elucidated, but they appear more stable than CUTs because they can be detected even in the 

absence of polyadenylation or exosome mutants. Many SUTs are antisense transcripts that may or 

may not serve regulatory functions. On average, these transcripts are also longer than CUTs at 

approximately 760 bp. The difference in length may contribute to the major difference between 

CUTs and SUTs – while CUTs are primarily terminated by the NNS pathway, TRAMP 

polyadenylated and shuttled to the nuclear exosome for degradation (though other mechanisms for 

their degradation have been uncovered), SUTs are more often terminated by the cleavage and 

polyadenylation pathway and exported to the cytoplasm for Xrn1-dependent degradation 

(THOMPSON AND PARKER 2007; LEE et al. 2008). 

Xrn1-sensitive unstable transcripts (XUTs) are only detectable upon inactivation of 

cytoplasmic 5’-3’ exoribonuclease, Xrn1 (VAN DIJK et al. 2011). These Pol II-transcribed ncRNAs 

are largely antisense to open reading frames (~66%), and more readily accumulate when yeast 

cells are grown in stressful media conditions. This suggests that altering the transcriptome via 

genome-wide antisense transcription could provide an adaptive mechanism for growth in 

undesirable conditions. 

Nrd1-unterminated transcripts (NUTs) are RNAs detected in the cell when the essential 

termination factor Nrd1 is rapidly depleted from the nucleus (SCHULZ et al. 2013). This class of 

RNAs overlaps others described here, including approximately 80% of snoRNAs, 68% of CUTs, 

58% of SUTs, and 37% of XUTs, except that when Nrd1 is depleted, these transcripts are on 

average 3.8-fold longer than previously annotated transcript isoforms. The approximately 1500 
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NUTs described by Schulz et al. includes divergent and antisense transcripts, providing further 

evidence for the bidirectional nature of many promoters. 

1.3.4  Cryptic Transcripts, Antisense Transcripts, and SRATs 

Genome-wide spurious transcription can result from loss of nucleosome replacement in the wake 

of Pol II. For instance, inactivation of Spt6 or Spt16, two transcription-coupled histone chaperones 

that remove and replace H3-H4 or H2A-H2B for Pol II passage, respectively, results in intragenic 

transcription initiation (KAPLAN et al. 2003). This upregulation of cryptic initiation results from 

uncovering cryptic promoters through some deregulation of chromatin architecture, allowing for 

PIC formation in noncanonical locations and transcription initiation. Prevention of cryptic 

initiation requires suppression of histone turnover and resulting histone acetylation along open 

reading frames, which cascades from proper placement of H3K36me3, discussed above 

(VENKATESH et al. 2012). 

Antisense transcription initiates from the 3’ NDRs of genes, and these transcripts often 

span the length of ORFs, in the opposite direction, extending to their promoters. Antisense 

transcripts appear to arise from canonical, 5’ promoter-like PICs in the 3’ NDR (MURRAY et al. 

2012). Interestingly, unlike at canonical genes, antisense transcripts originating from these 3’ 

promoter elements are often not associated with divergent gene products, suggesting that antisense 

transcription is not simply divergent transcription from a downstream sense promoter. Often, sense 

and antisense transcription at a single locus is mutually exclusive, as in the case of regulatory 

antisense transcription over the IME4 locus, which controls the decision of diploid yeast cells to 

propagate vegetatively or undergo meiosis (HONGAY et al. 2006). Larger genome-wide studies 

have identified more examples of genes whose transcription is tempered by antisense transcription, 
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even in normal growth conditions where lowly transcribed genes appear to be repressed by 

previously undetected antisense transcripts (NEVERS et al. 2018). 

Set2-repressed antisense transcripts (SRATs) are a specific type of antisense transcript 

whose expression is regulated by Set2-mediated H3K36me (VENKATESH et al. 2016). In general, 

H3K36me is a mark that represses spurious transcription from within genes in a manner that does 

not affect ongoing transcription of that gene. When methylation of H3K36 is lost, antisense 

transcripts arise from regions canonically marked by high levels of methylation. While some of 

these transcripts overlap with known CUTs, SUTs, and XUTs, some are novel and require further 

analysis to determine potential functions beyond their transcription. Regardless of the potential 

functions of these recently discovered ncRNAs, the presence of SRATs in the yeast genome 

suggests that ncRNAs are controlled not only at the level of processing and degradation, but during 

transcription by chromatin modifications common to coding gene transcription. 

1.4 STUDYING TRANSCRIPTION TERMINATION IN YEAST 

The goal of my project is to identify how the nucleosome, a major regulator of DNA-templated 

processes, contributes to transcription termination. In light of the importance of the nucleosome in 

regulating the processes discussed above, whether by acting as a signaling platform via its myriad 

histone modifications, binding important factors for transcription, replication, DNA repair, etc., or 

concealing DNA from inappropriate binding by factors, the nucleosome is undoubtedly a central 

player in nuclear control. 

Studying such a process in Saccharomyces cerevisiae, the budding yeast, removes 

complexities of higher eukaryotes such as increased histone gene copy number. The yeast genome 
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encodes two copies each of the four core histone proteins – H2A, H2B, H3, and H4. H3 and H4 

are transcribed together as two divergently-transcribed gene pairs, HHT1-HHF1 and HHT2-

HHF2, and H2A and H2B are likewise organized as HTA1-HTB1 and HTA2-HTB2 pairs (RANDO 

AND WINSTON 2012). Compared to higher eukaryotes, whose genomes can encode >50 to even 

about 100 copies of the histone proteins (humans and Drosophila, respectively) (LIFTON et al. 

1978; MARZLUFF et al. 2002), the simple organization of histones in yeast renders manipulation 

of these genes as quite simple in comparison. Throughout the work described here, strains used 

have had both chromosomal H3-H4 or H2A-H2B cassettes deleted. H3 and H4, for example, are 

covered by a URA3-marked plasmid expressing wild type HHT1-HHF1 or HHT2-HHF2. Using 

the plasmid shuffle protocol, a plasmid bearing histone pairs with a target mutation is transformed 

into such a strain and the URA3-marked plasmid is selected against, leaving the mutated copy as 

the single source of the histone pairs (SIKORSKI AND BOEKE 1991). This method allows for rapid 

introduction of a wide array of histone mutations to a given genetic background, for instance in 

order to perform high-throughput screens (Chapter 2). 

Importantly, the histone proteins are well conserved from yeast to humans (Figure 9), as 

are the fundamentals of chromatin modification and transcription (RANDO AND WINSTON 2012), 

rendering basic information learned here applicable to future studies in higher eukaryotes. 
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Figure 9. Yeast and human histone proteins are highly conserved. 

H3 (top) and H2A (bottom) are numbered with respect to the yeast protein sequence. Yeast and human H3 

sequences shown here include amino acids 1-138. Yeast H2A sequence includes amino acids 25-128 and 

human H2A sequence includes amino acids 24-127. 

 Finally, care and propagation of yeast is simple, cheap, and requires very little space and 

media. Large volumes of homogeneous culture can easily be grown, which allows for very rapid, 

reproducible data collection for high-throughput experiments such as next-generation sequencing. 

Combined with the conservation of the target process, transcription, and its major components, 

yeast is the ideal model for defining the mechanism for the nucleosome in transcription 

termination. 
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2.0 MUTATIONS TO THE DNA ENTRY-EXIT SITE OF THE NUCLEOSOME IMPAIR 

TRANSCRIPTION TERMINATION IN SACCHAROMYCES CEREVISIAE 

Contents of this chapter will be published as part of a more comprehensive manuscript with 

portions of Chapter 3. Strain construction for Figures 17 and 18, and the dilution assay for Figure 

17 were performed by undergraduate student Julia M. Seraly. 

2.1 INTRODUCTION 

Transcription is the first step of gene expression. This process is highly conserved across taxa, and 

its precise regulation is required for the development and survival of all cell types. In eukaryotes, 

the genome is packaged into chromatin, which acts as a regulatory barrier to the transcription 

machinery. Chromatin is made up of repeated nucleosomes, which consist of approximately 147 

bp of DNA surrounding an octamer of core histone proteins H2A, H2B, H3, and H4 (LUGER et al. 

1997). To faithfully express protein-coding genes and some small, noncoding RNAs (ncRNAs), 

RNA polymerase II (Pol II) is ushered along this complex template by a host of transcription 

factors (TEVES et al. 2014). Among these factors are histone modifiers that post-translationally 

decorate the histones with small chemical moieties like methyl or acetyl groups or larger protein 

groups like ubiquitin (LAWRENCE et al. 2016). These marks are individually correlated with 

specific chromatin-dependent processes such as active transcription, gene silencing, DNA damage 

repair, and cell cycle progression, and are thought to recruit downstream chromatin modifiers to 

the proper genomic locations and alter protein-DNA interactions to regulate nucleosome 
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accessibility (SWYGERT AND PETERSON 2014; LAWRENCE et al. 2016). Additionally, histone 

chaperones and chromatin remodelers can reposition, add, or remove histones or whole 

nucleosomes, respectively, on the chromatin template to modulate nucleosome barriers to Pol II 

progression (BARTHOLOMEW 2014). The mechanisms by which these factors modify chromatin 

for transcription initiation and elongation are well studied, but it is unclear how these factors, and 

the resulting chromatin structure, affect the final termination step. 

Transcription termination is a critical step in gene expression. An unterminated polymerase 

can continue elongating into neighboring genes, a phenomenon called transcription interference, 

which results not only in a non-canonical transcript of the initiated gene, but also in improper 

temporal or spatial expression of downstream genes. Widespread aberrant transcription 

termination can result from conditions of cell stress (VILBORG et al. 2015) or viral infection 

(NEMEROFF et al. 1998; RUTKOWSKI et al. 2015), and is prevalent in human cancers (MAHER et al. 

2009; KANNAN et al. 2011; VARLEY et al. 2014; GROSSO et al. 2015). 

In the budding yeast Saccharomyces cerevisiae, there are two major Pol II termination 

pathways: 1) Cleavage and polyadenylation-dependent termination of protein-coding genes, and 

2) Nrd1-Nab3-Sen1 (NNS) dependent termination of small ncRNAs and aborted transcripts from 

protein-coding genes (PORRUA AND LIBRI 2015). Studies in yeast have indicated a role for 

chromatin as critical players in the transcription termination of a few candidate genes. The Paf1 

complex and the histone modifications it mediates have been shown to play important roles in 

preventing terminator readthrough of some NNS-dependent snoRNAs (SHELDON et al. 2005; 

TERZI et al. 2011; TOMSON et al. 2011; TOMSON et al. 2013). ATP-dependent chromatin 

remodelers Isw1 and Chd1, which remove and replace nucleosomes to regulate the accessibility 

of specific DNA sequences, have been linked to transcription termination of some mRNAs (ALEN 
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et al. 2002; MORILLON et al. 2003). More recent work has described nucleosomes and general 

chromatin regulatory factors like Reb1, Rap1, and Abf1 as widespread physical roadblocks to the 

progression of Pol II at NNS-dependent ncRNAs (ROY et al. 2016). 

To further address how the chromatin template contributes to the regulation of this complex 

process, I screened alanine substitutions of each residue of the core histones H3 and H4, and 

selected residues in H2A (NAKANISHI et al. 2008) for transcription termination defects using a 

well-characterized termination reporter (CARROLL et al. 2004). This screen showed that specific 

amino acids in H2A, H3, and H4 are required for transcription termination. Most of these residues 

localize to the DNA entry-exit site of the nucleosome, which is important for transcription-

dependent nucleosome occupancy (HAINER AND MARTENS 2011a; HYLAND et al. 2011) and 

trimethylation of H3 at lysine 36 (H3K36me3) (DU AND BRIGGS 2010; ENDO et al. 2012). I 

hypothesized, given the importance of this protein surface in general chromatin maintenance and 

transcription, that these histone mutants might exhibit a myriad of chromatin- and transcription-

related phenotypes. Thus, I assessed these mutant strains for several transcription-related 

phenotypes and discovered that they do indeed exhibit additional transcriptional defects in addition 

to their observed termination defect.  
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2.2 MATERIALS AND METHODS 

2.2.1  Yeast Strains and Media 

All Saccharomyces cerevisiae strains used in this study are isogenic to FY2, a GAL2+ derivative 

of S288C (WINSTON et al. 1995). Unless otherwise noted, all experiments were performed with 

yeast strains lacking endogenous copies of the genes expressing histones H3 and H4 (Table 2) 

transformed with CEN/ARS plasmids expressing TRP1-marked, alanine-substituted histones H3 

and H4 (hht2-HHF2 or HHT2-hhf2, respectively) (NAKANISHI et al. 2008) or a TRP1-marked 

plasmid expressing the wild type HHT2-HHF2 cassette. Lithium acetate yeast transformations 

were performed as previously described (BECKER AND LUNDBLAD 2001). For the genetic screen 

and following experiments, URA3-marked, wild type histone plasmids were shuffled with TRP1-

marked mutant histone plasmids by sequentially passaging transformants three times on SC-Trp 

medium containing 2% dextrose and 0.1% 5-FOA.  

KY3219 and KY3220 were made by crossing KY2477 (leu2∆::ADH1-HIS3-

CYC1::LEU2) or KY2474 (leu2∆::ADH1-SNR47term-HIS3-CYC1::LEU2) with KY812 (hht1-

hhf1∆::LEU2, hht2-hhf2∆:KanMX), respectively. Generation of Spt-, Bur-, cryptic initation, and 

Sin- (KY3354) reporter strains was by crossing KY811 (MAT α) or KY812 (MAT a) histone shuffle 

strains to yeast strains harboring the appropriate reporters. The Spt- phenotype was assessed via 

growth on nutrient-depleted media (SD-His for the his-912∂ allele and SD-Lys for the lys2-128∂ 

allele) (SIMCHEN et al. 1984; WINSTON et al. 1987; FASSLER AND WINSTON 1988). The Bur- 

phenotype was detected as growth on media containing sucrose, despite a deletion of the SUC2 

upstream activating sequence (suc2∆uas) (PRELICH AND WINSTON 1993). Cryptic initiation was 

measured via the reporter GAL1pr-FLO8-HIS3 as growth on media lacking histidine and 
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containing galactose (CHEUNG et al. 2008). Finally, the Sin- phenotype was detected as growth on 

galactose-containing media, despite deletion of the chromatin remodeler (snf2∆) critical for 

modifying chromatin architecture for galactose-induced gene expression (KRUGER et al. 1995). 

Antimycin A, where indicated, prevents yeast from relying on respiration to bypass fermentation 

of non-dextrose sugars in YP+Galactose or YP+Sucrose. 

Yeast strains were otherwise grown in SC-Trp medium containing 2% dextrose or YPD. 

2.2.2  Serial Dilution Assays 

Yeast cultures were grown to saturation overnight at 30°C and washed with sterile water, then 

resuspended to a concentration of 1 x 108 cells/mL. These were serially diluted four more times in 

water by a factor of five or ten, as indicated in each figure’s legend. Three microliters of each 

dilution were spotted on growth control media (lacking selection) and selective media to assess 

specific phenotypes. Plates were incubated at 30°C for at least three days and imaged daily. 

2.2.3  Northern Blot Analysis 

Total RNA was isolated from mid-log phase yeast cultures (OD600 = 0.8 – 1.0) by hot acid phenol 

extraction as described previously (COLLART AND OLIVIERO 2001). 20 µg of each sample was 

analyzed by Northern blot analysis as described previously (SWANSON et al. 1991). Double-

stranded DNA probes were synthesized by random-prime labeling of PCR fragments with [α-

32P]dATP and [α-32P]dTTP (PerkinElmer, Waltham, MA). Probe locations are as follows: SNR47-

YDR042C (-325 to -33 of YDR042C), SNR48-ERG25 (-746 to -191 of ERG25), SNR13-TRS31 (-
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231 to +449 of TRS31), STE11 (+1868 to +2110), and SCR1 (-242 to +283 of SCR1) (primer 

sequences listed in Table 3).  

2.2.4  Western Blot Analysis 

Total protein was isolated from mid-log phase yeast cultures (OD600 = 0.8 – 1.0) by bead beating 

in 20% trichloroacetic acid. Protein samples were resolved on SDS-PAGE gels and transferred to 

nitrocellulose or PVDF membrane. The membranes were incubated with primary antibody, 

including: total H2B (39237 1:5000, Active Motif, Carlsbad, CA), total H3 (ab1791 1:15,000, 

Abcam, Cambridge, UK), H3K4me2 (07–030 1:2000, Millipore, Burlington, MA), H3K4me3 

(39159 1:2000, Active Motif, Carlsbad, CA), H3K36me3 (ab9050 1:1000, Abcam, Cambridge, 

UK), or G6PDH (A9521 1:30,000, Sigma-Aldrich, St. Louis, MO) as the loading control. 

Membranes were then incubated with 1:5000 α-rabbit or α-mouse secondary antibody (GE 

Healthcare, Little Chalfont, UK). Proteins were visualized using chemiluminescence substrate 

(Pico, PerkinElmer, Waltham, MA) and the ChemiDoc XRS imaging platform (BioRad, Hercules, 

CA). 

For H3K56ac blots (1:5000, P. Kaufman), alkaline lysis protein extraction was performed 

as previously described (KUSHNIROV 2000). 15% SDS-PAGE gels were run and transferred to 

nitrocellulose membrane. After incubation with primary antibody, membranes were incubated 

with α-rabbit secondary antibody and developed as described above. 

Signal density for histone post-translational modifications was quantified relative to total 

H3 signal using ImageJ software, with wild type signal set to one. Quantification of each mark 

was averaged across three separate experiments, with error bars representing the standard error of 

the mean (SEM) of the three experiments. 



 54 

2.2.5  Chromatin Immunoprecipitation and Quantitative PCR (ChIP-qPCR) 

Chromatin was isolated from 250 mL of yeast cells grown to early log phase (OD600 = 0.5 – 0.8) 

as described previously (SHIRRA et al. 2005). ChIPs were performed by incubating sonicated 

chromatin overnight at 4°C with one of the following primary antibodies: H2A (2 µL 39235, 

ActiveMotif, Carlsbad, CA) or H3 (5 µL ab1791, Abcam, Cambridge, UK). Antibody-chromatin 

complexes were purified with Protein A or Protein G conjugated to sepharose beads (30 µL, GE 

Healthcare, Little Chalfont, UK). DNA was column purified (Qiagen Quick, Qiagen, Hilden, 

Germany) and analyzed by qPCR with Maxima 2X SYBR Master Mix (ThermoFisher, Waltham, 

MA). Primer sets analyzed for H3 occupancy include: the coding region of SNR47 (-35 to +94 of 

SNR47), downstream of the SNR47 gene (+225 to +323 of SNR47), the 5’ coding region of PMA1 

(+214 to +319 relative to the start codon), the 3’ coding region of PMA1 (+2107 to +2194 of 

PMA1), and a transcriptionally inactive region near the telomere of chromosome VI (chromosomal 

coordinates 269495 to 269598). Levels of protein occupancy at each primer set were calculated 

using the appropriate primer efficiency raised to the difference between input Ct and 

immunoprecipitated Ct values. Error bars indicate the standard error of the mean (SEM) of two 

technical replicates each of three biological replicates. 

  



 55 

Table 2. Strains used in Chapter 2. 
Strain MAT Genotype 

KY319 a spt6-140 his4-912∂ lys2-128∂ ura3-52 trp1∆63 

KY325 a spt10∆::TRP1 his4-912∂ lys2-128∂ leu2∆1 ura3-52 trp1∆63 suc2∆uas(-1900/-
390)  

KY811 α (hht1-hhf1)∆::LEU2 (hht2-hhf2)∆::KanMX his3∆200 lys2-128∂ leu2∆1 ura3-
52 trp1∆63 [pDM1 = URA3/CEN/ARS/HHT2-HHF2] 

KY812 a (hht1-hhf1)∆::LEU2 (hht2-hhf2)∆::KanMX his3∆200 lys2-128∂ leu2∆1 ura3-
52 trp1∆63 [pDM9 = URA3/CEN/ARS/HHT1-HHF1] 

KY912 a set2∆::HIS3 his3∆200 lys2-128∂ leu2∆1 ura3-52 

KY934 α dot1∆::HIS3 his3Δ200 leu2Δ1 trp1∆63 

KY937 α set1∆::HIS3 his3∆200 lys2-128∂ ura3-52 trp1∆63 

KY943 a (hta1-htb1)Δ::LEU2 (hta2-htb2)Δ::TRP1 his3Δ200 lys2-128δ leu2Δ1 ura3-52 
[pSAB6 = URA3/CEN/ARS/HTA1-HTB1] 

KY1437 a rtt109∆::KanMX his3∆200 leu2∆0 ura3-52 

KY2474 α leu2∆1::ADH1p-SNR47(70)-HIS3-CYC1::LEU2 his3∆200 lys2-128∂ ura3-52 
trp1∆63 

KY2477 α leu2∆1::ADH1p-HIS3-CYC1::LEU2 his3∆200 ura3-52 

KY3219 α leu2∆1::ADH1p-HIS3-CYC1::LEU2 (hht1-hhf1)∆::LEU2 (hht2-
hhf2)∆::KanMX his3∆200 lys2-128∂ leu2∆1 ura3-52 trp1∆63 [pDM9 = 
URA3/CEN/ARS/HHT1-HHF1] 

KY3220 α leu2∆1::ADH1p-SNR47(70)-HIS3-CYC1::LEU2 (hht1-hhf1)∆::LEU2 (hht2-
hhf2)∆::KanMX his3∆200 lys2-128∂ leu2∆1 ura3-52 trp1∆63 [pDM9 = 
URA3/CEN/ARS/HHT1-HHF1] 

KY3354 α his3∆200 lys2-128∂ leu2∆1 ura3-52 trp1∆63 (hht1-hhf1)∆::LEU2 (hht2-
hhf2)∆::KanMX snf2∆::HIS3 [pDM9 = URA3/CEN/ARS/HHT1-HHF1] 

KY3502 a his4-912∂ lys2-128∂ leu2∆1 ura3-52 trp1∆63 (hht1-hhf1)∆::LEU2 (hht2-
hhf2)∆::KanMX [pDM9 = URA3/CEN/ARS/HHT1-HHF1] 

KY3503 α his3∆200 lys2-128∂ leu2∆1 ura3-52 trp1∆63 suc2∆uas(-1900/-390) (hht1-
hhf1)∆::LEU2 (hht2-hhf2)∆::KanMX [pDM9 = URA3/CEN/ARS/HHT1-
HHF1] 

KY3506 α his3∆200 lys2-128∂ leu2∆1 ura3-52 trp1∆63 KanMX::GAL1p-FLO8-HIS3 
(hht1-hhf1)∆::LEU2 (hht2-hhf2)∆::KanMX [pDM9 = URA3/CEN/ARS/HHT1-
HHF1] 

 

  



 56 

Table 3. Oligonucleotides used in Chapter 2. 
Target Sequence 

SNR47-YDR042C 
Northern probe 

F     5’-GGCGGTAACGTAAATCAGAGTAGC-3’ 
R     5’-GAGACCTAGTCGTTTGTTAGCTG-3’ 

SNR48-ERG25 
Northern probe 

F     5’-CCTTGGCGCAGAAGACTTTCTCTTC-3’ 
R     5’-GCATACACAGGCGTACGCATACAAG-3’ 

SNR13-TRS31 
Northern probe 

F     5’-CGTAGCGCTGCATATATAATGCG-3’ 
R     5’-GATGCAGAAGTCGCTGTGCTGGAG-3’ 

STE11 
Northern probe 

F     5’-GGATGTCACCAGAGGTGGTCAAAC-3’ 
R     5’-GATTATCAATACAGGGCCTAGTGCCC-3’ 

SCR1  
Northern probe 

F     5'-CAACTTAGCCAGGACATCCA-3' 
R     5'-AGAGAGACGGATTCCTCACG-3' 

SNR47 Gene 
ChIP 

F     5’-CCTTATTATACATTCTCTTGGCGAGTGATC-3 
R     5’-GTGTTAAAAAGCTATTGTCAAAGTTTGTTTCC-3’ 

SNR47 Intergenic 
ChIP 

F     5’-CGCGTCGGGATAACAAAGCGTAC-3’ 
R     5’-GTACTGCAGATACACAGATTCAAATTTTTCCC-3’ 

PMA1 5’ 
ChIP 

F     5’-GCTAGACCAGTTCCAGAAGAATATTTACA-3’ 
R     5’-CAGCCATTTGATTCAAACCGTA-3’ 

PMA1 3’ 
ChIP 

F     5’-GAAATCTTCTTGGGTCTATGGATTG-3’ 
R     5’-CAACATCAGCGAAAATAGCGAT-3’ 

TELVI 
ChIP 

F     5’-TGCAAGCGTAACAAAGCCATA-3’ 
R     5’-TCCGAACGCTATTCCAGAAAG-3’ 
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2.3 RESULTS 

2.3.1  Identification of Histone Residues Required for Transcription Termination in 

Saccharomyces cerevisiae 

The Arndt lab has shown previously that the Paf1 complex, a factor whose cellular roles span a 

variety of transcription-coupled chromatin transactions, is required for proper transcription 

termination by the NNS pathway (SHELDON et al. 2005; TOMSON et al. 2011; TOMSON et al. 2013). 

Additionally, several transcription-dependent histone modifications are involved in regulating this 

termination pathway (TERZI et al. 2011; TOMSON et al. 2011; TOMSON et al. 2013). Together, these 

findings suggest that the maintenance of a chromatin state amenable to transcription termination 

is a highly regulated process that requires the interplay of several factors. Therefore, I asked how 

chromatin itself regulates the termination of transcription. To begin to address this, I made use of 

a comprehensive alanine scanning plasmid library (NAKANISHI et al. 2008) and a reporter 

containing the 70 bp termination element of SNR47 (CARROLL et al. 2004) to screen for mutations 

in histones H3 and H4 that cause defective transcription termination. In short, I generated yeast 

strains expressing either the termination reporter or a negative control from the LEU2 

chromosomal locus (Figure 10A). Using the plasmid shuffle technique (SIKORSKI AND BOEKE 

1991), I transformed these strains with the TRP1-marked H3- and H4-expressing library plasmids, 

and counter-selected on 5-fluoroorotic acid (5-FOA). Passaged transformants were plated on 

media lacking histidine to assess termination defects. To reduce background readthrough signal, I 

added 0.5 mM 3-amino-1,2,4-triazole (3-AT), a competitive inhibitor of the HIS3 gene product, to 

the media. 
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Using this method, I identified ten histone mutants, nine in H3 and one in H4, that strongly 

express HIS3 from the reporter (Figure 10B). Interestingly, many of the residues altered in these 

mutants map to the DNA entry-exit site of the nucleosome (Figure 10C). This surface of the 

nucleosome makes several important DNA contacts (LUGER et al. 1997), and has previously been 

implicated in controlling transcription-coupled nucleosome occupancy (HAINER AND MARTENS 

2011a) as well as methylation of H3 lysine 36 (H3K36me) (DU AND BRIGGS 2010; ENDO et al. 

2012), a mark important to transcription elongation and prevention of spurious cryptic 

transcription (CARROZZA et al. 2005; JOSHI AND STRUHL 2005; KEOGH et al. 2005; VENKATESH 

AND WORKMAN 2013). These data implicate co-transcriptional histone modification and 

nucleosome occupancy as major contributors to regulation of transcription termination. 
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Figure 10. A genetic screen for histone residues required for transcription termination.  
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(A) Reporter strains contain either a transcription termination reporter (top) or a control transcription

cassette lacking a terminator (bottom), integrated at the LEU2 locus. (B) Termination defects in histone 

mutant strains were assessed by ten-fold serial dilution and plating on selective media. Library plasmids 

were transformed into both the strain expressing the termination reporter (KY3220) and the strain 

expressing the reporter control (KY3219). Cells were grown on SC-Trp as a growth control, and on SC-

Trp-His + 0.5 mM 3-AT, a competitive inhibitor to the HIS3 gene product, to select for cells strongly 

expressing the HIS3 gene. Plates were incubated at 30°C for 5 days. (C) X-ray crystal structure of the 

nucleosome denoting histone residues required for transcription termination in red. Histones H2A, H2B, 

H3, and H4 are colored in pink, yellow, lilac, and green, respectively. Structure from PDB ID 1ID3 (LUGER 

et al. 1997). 

2.3.2  Confirmation of Terminator Readthrough at Endogenous Genes 

To determine whether the histone mutants identified in our screen cause transcription readthrough 

defects at endogenous genes, I performed Northern blot analysis of several snoRNA loci (Figure 

11). I radiolabeled probes specific to intergenic regions downstream of SNR47, SNR48, and 

SNR13, to detect readthrough transcripts from these loci. The mutants identified in this screen had 

varying degrees of terminator readthrough as observed by Northern blotting. Interestingly, the 

mutants tested show varying levels of readthrough at different snoRNA loci, suggesting some 

degree of locus-specific dependence on each of the DNA entry-exit site residues. It is important to 

note that, at endogenous genes, H3 R40A has wild type termination at all three loci tested and 

therefore appears to be a false positive from the original screen. 
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 Figure 11. Residues at the DNA entry-exit site in histone H3 are required for transcription 

termination. 

(A) Diagrams of three snoRNA loci analyzed for termination readthrough. The intergenic SNR47 probe

detects two readthrough transcripts, as indicated by the blue and black arrows. The intergenic SNR48 probe 

detects a single readthrough transcript. For SNR13, the probe anneals to the downstream gene, TRS31, and 

detects a readthrough transcript of SNR13 (green arrow), as well as the full-length gene product of TRS31 

(black arrow). The black bar over each locus diagram denotes each probe position. (B) Northern blot 

analysis of transcription termination defects in histone H3 and H4 mutants from Figure 10 at endogenous 

loci. Library plasmids were transformed into a strain lacking the termination reporter, KY812. Blots align 

with locus diagrams in A. Arrows correspond to arrows below locus diagrams in A, with longer arrows 

corresponding to slower mobility bands. SCR1 serves as the loading control. 

I was unable to use the SNR47term-HIS3 termination reporter to assess the requirement for 

residues in histones H2A and H2B for proper termination due to genetic marker conflicts. These 

plasmid libraries are marked by HIS3. However, the DNA entry-exit site is composed of portions 

of histones H3 and H2A. Therefore, I specifically tested H2A residues in and near the DNA entry-
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exit site for proper termination by Northern blot analysis (Figure 12). Again, I observed varying 

termination phenotypes in these H2A mutants, but consistently saw the strongest termination 

defects in H2A mutants that have substitutions in residues near the sites of the strongest H3 mutants 

(Figure 10C). Together, these data suggest that the DNA entry-exit site is an important surface for 

regulating transcription termination. 

Figure 12. H2A residues in the DNA entry-exit site are critical for transcription termination. 

Northern blot analysis of transcription termination defects in histone H2A mutants. Library plasmids were 

transformed into KY943 and mutant strains were made by plasmid shuffling. Blots align with locus 

diagrams in Figure 11A. Arrows in this figure correspond to arrows below the locus diagrams in Figure 

11A. SCR1 serves as the loading control. 
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2.3.3  Mutations to the DNA Entry-Exit Site Impair Placement of Transcription-Coupled 

Trimethylation of H3 at K36 

Proper termination by the NNS pathway has been linked to several well-studied, transcription-

coupled histone modifications by our lab and others (TERZI et al. 2011; TOMSON et al. 2011; 

TOMSON et al. 2013), including trimethylation of histone H3 at lysine 4 (H3K4me3) and 

H3K36me3. These modifications demarcate the 5’ and 3’ ends of genes, respectively, and are 

widely recognized as signals of active transcription that help maintain transcription fidelity 

through recruitment of important factors (RANDO AND WINSTON 2012). Considering the known 

roles for these methylation marks in transcription, and the proximity of the DNA entry-exit site to 

the flexible H3 N-terminal tail, I asked whether the requirement for an intact DNA entry-exit site 

in transcription termination is due to a role in proper placement of these marks. 

To further investigate this, I performed Western blot analysis for H3K4me2, H3K4me3, and 

H3K36me3 in all termination mutants identified in the original genetic screen. Placement of 

H3K4me2 and H3K4me3 are directly dependent on the Set1 histone methyltransferase, and require 

monoubiquitylation of H2B by Rad6/Bre1 (SANTOS-ROSA et al. 2002; SUN AND ALLIS 2002). 

Importantly, total H3 levels in termination mutants are not changed. H3K4me levels are, 

expectedly, completely lost in bre1∆ and set1∆ control strains but remain unaffected in DNA 

entry-exit site mutants with the exception of modest but statistically significant decreases of 

H3K4me2 in H3 V46A and I112A and H3K4me3 in H3 I112A (Figure 13). Termination defects 

due to alanine substitution of these residues may be partially related to their reduced ability to 

regulate proper co-transcriptional histone modification. However, for the majority of the H3 and 

H4 mutants, including those most strongly defective in termination (H3 T45A and H3 R52A), 

H3K4me is unaffected. 



64 

Figure 13. DNA entry-exit site mutants have approximately wild type H3K4me. 

(A) Library plasmids were transformed into KY812. bre1∆ (KY970), dot1∆ (KY934), set1∆ (KY937), and

set2∆ (KY912) are histone modifier controls, whose wild type protein products place H2Bub, H3K79me, 

H3K4me, and H3K36me marks, respectively. Western blotting was performed with antibodies against 

H3K4me2, H3K4me3, total H3. (B) Quantification of three biological replicates indicates that levels of 

H3K4me2 and H3K4me3 are relatively unaffected in most DNA entry-exit site mutants. Error bars represent 

SEM of histone modification signal normalized to total H3. Asterisks represent p < 0.05 by a Student’s t-

test. 

Residues in the DNA entry-exit site have been implicated in Set2-dependent H3K36me3

placement (DU AND BRIGGS 2010; ENDO et al. 2012). Further, placement of H3K36me3 was shown 

by our lab to be required for proper NNS-dependent termination (TOMSON et al. 2013). I tested 
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whether termination mutants discussed here have defects in placement of this important co-

transcriptional modification. Consistent with published results (DU AND BRIGGS 2010; ENDO et al. 

2012), H3K36me3 is completely lost in H3 R49A and R52A mutants (Figure 14). Other DNA 

entry-exit site mutants exhibit reproducible decreases in H3K36me3 signal. In H2A mutants, levels 

of methylation at H3K36 are unchanged (data not shown). 

 

 

Figure 14. Many termination mutants have defects in H3K36me3. 

(A) Library plasmids were transformed into KY812 for plasmid shuffling. bre1∆ (KY970), dot1∆ (KY934), 

set1∆ (KY937), and set2∆ (KY912) are histone modifier controls, whose wild type protein products place 

H2Bub, H3K79me, H3K4me, and H3K36me marks, respectively. Western blotting was performed with 
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antibodies against H3K36me3, G6PDH, and total H3. Importantly, H3 levels are not greatly increased or 

decreased in DNA entry-exit site mutants. (B) Quantification of three biological replicates indicates that 

levels of H3K36me3 levels are decreased in many DNA entry-exit site mutants. Error bars represent SEM 

of three biological replicates. Histone modification signal is normalized to total H3. Asterisks represent p 

< 0.05 by a Student’s t-test. 

In addition to the requirement for methylation of histone H3, previous work in our lab has 

described a requirement for the monoubiquitylation of H2B at lysine 123 (H2BK123ub), another 

post-translational histone modification that is closely coupled to active transcription, in NNS-

dependent transcription termination (TOMSON et al. 2011; TOMSON et al. 2013). Losses in 

placement of H2Bub in DNA entry-exit site mutants are consistent with the role for ubiquitylation 

in termination though, again, strength of the termination defect and the H2Bub defect for a given 

mutant does not agree (Figure 15). 

Figure 15. H2Bub appears to be misregulated in DNA entry-exit site mutants. 

Western blotting was performed with antibodies against H2BK120ub (equivalent mark in humans to 

H2BK123ub) and total histone H2B. While similar relative trends in H2Bub have been observed in 

biological duplicate among the mutants, the wild type control was inconsistent among the two replicates. 

Further testing will be required to quantitatively assess any H2Bub defects. 
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Finally, I tested whether termination mutants exhibit changes in acetylation of H3 at lysine 

56 (H3K56ac), a mark that is not coupled to transcription, but to deposition of newly synthesized 

nucleosomes after DNA repair or replication. Recent work implicates the DNA entry-exit site in 

interacting with Rtt109, the histone acetyltransferase that places this mark (ZHANG et al. 2018). 

However, single-residue alanine substitutions do not alter levels of H3K56ac, suggesting that the 

termination phenotype caused by these mutants is not due to improper recovery of nucleosomes 

on chromatin after synthesis or repair (Figure 16). Together, these data implicate the DNA entry-

exit site of the nucleosome in several transcription-coupled processes, including placement of 

various histone modifications. 

Figure 16. DNA entry-exit site termination mutants do not exhibit changes in H3K56ac. 

Library plasmids were transformed into KY812 for plasmid shuffling. rtt109∆ (KY1437) is a strain where 

the histone acetyltransferase for H3K56 is deleted. Western blotting was performed with antibodies against 

H3K56ac, G6PDH, and total H3. The H3K56ac antibody was a kind gift from Paul Kaufman (UMass). 
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2.3.4  Mutations to the DNA Entry-Exit site of the Nucleosome Cause a Variety of 

Transcription-Related Phenotypes 

Growth-based phenotype testing for defects in transcription using reporter alleles has been 

thoroughly established by our lab and others. Therefore, with the help of undergraduate student 

Julia Seraly, I sought to determine whether mutations to the DNA entry-exit site, which is known 

to contribute to nucleosome stability, cause any other well-studied transcription phenotypes. First, 

Julia assessed DNA entry-exit site mutants for the Suppressor of Ty (Spt-) phenotype (SIMCHEN et 

al. 1984; WINSTON et al. 1987; FASSLER AND WINSTON 1988) using two commonly published 

alleles, lys2-128∂ and his4-912∂. This phenotype results from mutations in genes encoding trans-

factors required for proper transcription, allowing transcription machinery to bypass 

retrotransposon (Ty or ∂ element) insertion into a gene’s upstream regulatory sequence, and thus 

producing gene products capable of supporting cellular life. Other studies have reported 

differences in suppression of these two alleles, and indeed we observe an overall more pronounced 

suppression of the Ty ∂ element upstream of the HIS4 gene (Figure 17). Suppression of lys2-128∂ 

is more varied in the mutants. The mutants primarily exhibit moderate phenotypes with the 

exception of H3 Q93A, whose severity is comparable to the spt6-140 control (mutation to a 

transcription elongation factor and histone chaperone known to show the Spt- phenotype) 

(WINSTON et al. 1984). 
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Figure 17. Alanine-substituted DNA entry-exit site residues cause Spt- phenotypes. 

The Spt- phenotype was assessed at two Ty ∂ element insertion mutations by five-fold serial dilution and 

plating on selective media. Library plasmids were transformed into a strain containing both alleles 

(KY3502) for plasmid shuffling. The control strain is spt6-140 (KY319). Cells were grown on SD-

Complete as a growth control and on SD-His and SD-Lys to assess suppression of the Ty ∂ element 

insertions. Plates were incubated at 30°C for 5 days. 

Next, we sought to determine whether our termination mutants exhibit the ability to bypass 

the requirement for upstream activating sequences (UAS) for high levels of expression. Early 

screens for BUR genes identified HHT1 (BUR5), one of the two yeast genes encoding histone H3, 

as a gene that, when mutated, supports high levels of transcription at the suc2∆uas(-1900/-390) 

allele (PRELICH AND WINSTON 1993). Therefore, we speculated that mutations to the DNA entry-

exit site that conceivably reduce nucleosome occupancy on chromatin may exhibit the Bur- 

phenotype. When tested, we observed that most of our mutants grow to some degree on YP + 

Sucrose, indicating the ability to bypass deletion of the SUC2 UAS (Figure 18). Some mutants, in 

fact, are comparable to spt10∆, which is the complete deletion of a gene required for replication-
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coupled activation of gene promoters (XU et al. 2005) and was previously shown to exhibit a strong 

Bur- phenotype (PRELICH AND WINSTON 1993). 

Figure 18. DNA entry-exit site mutants exhibit the Bur- phenotype. 

The Bur- phenotype was assessed in a suc2∆uas(-1900/-390) strain (KY3503) by five-fold serial dilution 

and plating on selective media. Control strain is spt10∆ (KY325). Cells were grown on YPD as a growth 

control and on YP-Sucrose + 1 µg/mL antimycin A to assess for bypass of the SUC2 UAS for sufficient 

levels of expression for growth on media containing sucrose. Plates were incubated at 30°C for 4 days. 

Another reporter that reflects a disruption of chromatin structure is the SWI/SNF 

Independent (Sin-) phenotype. For normal induction of galactose metabolism genes, chromatin 

remodeling by the SWI/SNF complex at the promoters of those genes is required for gene 

activation (BURNS AND PETERSON 1997). Mutants that greatly perturb chromatin structure are able 

to bypass the requirement for this remodeling activity, including mutations to the two copies of 
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the genes encoding histone H3 (KRUGER et al. 1995). DNA entry-exit site substitutions cause very 

little growth on galactose-containing medium in the context of the snf2∆ mutation, suggesting that 

their effects on transcription are distinct from previously published Sin- mutants (H3 V117A, 

Figure 19) (HAINER AND MARTENS 2011a). 

Figure 19. DNA entry-exit site mutants are distinct from Sin- mutants. 

The Sin- phenotype was assessed in a snf2∆ strain (KY3354) by ten-fold serial dilution and plating on 

selective media. Cells were grown on YPD as a growth control and on YP-Galactose + 1 µg/mL antimycin 

A to assess bypass of chromatin remodeling for GAL-induction. Plates were incubated at 30°C for 3 days. 

Cryptic transcription initiation is often detected in genetic backgrounds where improper 

chromatin architecture permits initiation from a promoter that is normally occluded by 

nucleosomes in the wild type background (KAPLAN et al. 2003). Interestingly, prevention of 

cryptic initiation requires suppression of histone turnover and resulting histone acetylation along 

open reading frames, which cascades from proper placement of H3K36me3 (VENKATESH et al. 
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2012). Led by the findings described above (reduced H3K36me3, Figure 14), I tested for this 

phenotype in our mutants via a published cryptic initiation reporter (Figure 20) (CHEUNG et al. 

2008). In general results of the dilution assay agree with Northern blot analysis of another cryptic 

initiation-sensitive gene, STE11 (Figure 21). While most DNA entry-exit site mutants show cryptic 

initiation via the two assays to some degree, intensities of the phenotypes differ slightly. In general, 

H3 R49A appears to cause the most pronounced cryptic initiation defect. Interestingly, R52A has 

a somewhat less pronounced cryptic initiation phenotype, despite its strong H3K36me3 defect. For 

the growth-based assay, this may be due to the overall reduced growth rate of the H3 R52A mutant. 

Figure 20. All termination mutants have cryptic initiation phenotypes. 

The cryptic initiation phenotype was assessed in a reporter strain (KY3506) by ten-fold serial dilution and 

plating on selective media. Cells were grown on SC-W as a growth control and on SC-His+Gal to assess 

for expression of the GAL1p-FLO8-HIS3 reporter. Plates were incubated at 30°C for 4 days. 
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Figure 21. DNA entry-exit site mutants have cryptic initiation defects at STE11. 

Northern blots of DNA entry-exit site mutant plasmids shuffled into KY812. The probe for STE11 is 

downstream of cryptic initiation sites internal to the gene; two cryptic initiation (CI) products can be 

detected. This experiment has been performed in biological triplicate. 

2.3.5  Perturbations to the DNA Entry-Exit Site Reduce Histone Occupancy on Chromatin 

Due to the role of the DNA entry-exit site in nucleosome occupancy, I asked if I could observe 

this loss at target candidate genes in the termination mutants. Therefore, I performed histone ChIP 

experiments at various types of loci throughout the yeast genome. First, I tested whether mutations 

to histone H3 would reduce its chromatin occupancy at the snoRNAs, which provides a possible 

explanation for defects in transcription termination observed at those loci. I have excluded H3 

R40A from this study since it appears wild type for transcription termination at all loci tested by 
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Northern analysis. Indeed, DNA entry-exit site mutants appear to have reduced H3 occupancy at 

the SNR47 gene (Figure 22). Of note, histone occupancy is not perfectly correlated to severity of 

the termination defect. Additionally, I examined H3 occupancy at a strongly-expressed protein-

coding gene, PMA1, as well as a transcriptionally silent region of the yeast genome, TELVI (Figure 

23). These locations also had reduced H3 occupancy in some DNA entry-exit site mutants, 

suggesting widespread loss in H3 occupancy. 

Figure 22. Many DNA entry-exit site mutants have lower H3 occupancy at SNR47. 

(A) qPCR product locations over SNR47. (B) Chromatin immunoprecipitation was performed with an 

antibody against histone H3.  qPCR was performed over  SNR47 or at a downstream location indicated
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in A, respectively. The mean of three biological replicates is reported as Ct value of the IP relative to Ct 

value of the input for each sample. The error bars indicate the SEM. Asterisks represent p < 0.05 by a 

Student’s t-test. 

Figure 23. Mutations to the DNA entry-exit site reduce H3 occupancy at protein-coding and silent 

loci. 

(A, B)  Chromatin  immunoprecipitation  was performed with an  antibody against  histone  H3.  qPCR  was 

performed  over  the  strongly  transcribed  PMA1  gene  at  a  5’  or  3’  location  indicated in C, 
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respectively. (C) Diagram of PMA1 locus and qPCR primer set positions. (D) ChIP for H3 at a 

transcriptionally inactive region near TELVI. The mean of three biological replicates is reported for 

each sample. The error bars indicate the SEM. Asterisks represent p < 0.05 by a Student’s t-test. 
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2.4 DISCUSSION 

In this study, I used a comprehensive alanine-scanning histone mutant plasmid library (NAKANISHI 

et al. 2008) and a well-established termination reporter (CARROLL et al. 2004) to identify residues 

in the DNA entry-exit site of the nucleosome required for proper transcription termination (Figures 

10-12). A role for this surface of the nucleosome in termination is in line with its history as a

regulator of nucleosome accessibility. As early as 1983, Frado et al. described the DNA entry-exit 

site as the binding location for histone H1, a non-core linker histone involved in stabilizing higher-

order chromatin structures in higher eukaryotes (FRADO et al. 1983). Binding of proteins like H1 

at the interface of the DNA entry-exit site and linker DNA between neighboring nucleosomes is 

hypothesized to oppose nucleosome breathing, where DNA near the entry-exit sites peels away 

from histones to allow transient DNA accessibility without dissociating the nucleosome entirely 

(POLACH AND WIDOM 1995). 

Subsequent studies have argued breathing as an important feature for activities of 

chromatin modifiers, like remodelers, that may capture nucleosomes in their open state as a 

primary means of invasion (LI AND WIDOM 2004; LI et al. 2005), and as an important negative 

regulator of RNA polymerase progression, where empirically-determined speed of DNA 

rewrapping in vitro is hypothesized to pose a kinetic barrier to Pol II (LI et al. 2005). In vivo, 

studies on transcriptional regulation of the well-characterized SRG1-SER3 locus show that 

mutations to the DNA entry-exit site derepress SER3 expression in inappropriate nutritional 

contexts through the loss of critical nucleosome barriers (HAINER AND MARTENS 2011a), 

supporting the requirement for an only transiently accessible nucleosome in regulating 

transcription. Consistent with the hypothesis that alanine-substituted residues in the DNA entry-
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exit site result in partially destabilized nucleosomes, the termination mutants identified here 

display phenotypes that are characteristic of disrupted chromatin structure (Figures 17-21). 

Previous work in other labs also describes a role for the DNA entry-exit site as a binding 

surface for factors involved in histone post-translational modifications. One of these, Rtt109, is a 

histone acetyltransferase required for genome stability and replication-coupled nucleosome 

synthesis (ZHANG et al. 2018). Importantly, despite structural evidence that Rtt109 binds directly 

to the DNA entry-exit site near its acetylation target H3K56, termination mutants do not display 

altered H3K56ac levels (Figure 16), suggesting de novo nucleosome assembly is likely not 

impaired in these mutants and is therefore likely not an indirect cause for reduced termination 

efficiency. Additionally, the DNA entry-exit site has been described as a binding site for the 

histone methyltransferase Set2, which co-transcriptionally methylates histone H3 at K36 (DU AND 

BRIGGS 2010; ENDO et al. 2012). The methylation activity of Set2 is required for transcriptional 

fidelity, especially in preventing cryptic initiation from intragenic promoters (CARROZZA et al. 

2005; JOSHI AND STRUHL 2005; KEOGH et al. 2005). In agreement with previous evidence that 

perturbations to the DNA entry-exit site causes reduced H3K36me3 (DU AND BRIGGS 2010; ENDO 

et al. 2012) and that this post-translational histone modification is required for transcription 

termination (TOMSON et al. 2013), I show that several termination mutants in this study indeed 

have reduced ability to place this mark. Interestingly, the two strongest termination mutants, H3 

T45A and R52A, differ in their abilities to support H3K36me3, suggesting that placement of this 

modification alone does not fully explain the role of the DNA entry-exit site in transcription 

termination. 

Though no direct interaction between Set1, the histone methyltransferase for H3K4me, and 

the DNA entry-exit site has been reported, two DNA entry-exit site mutants are impaired in 



 79 

placement of this transcription-coupled modification. This post-translational histone modification 

is well conserved, and is both activating and repressive at different loci in different species 

(STRAHL et al. 1999; BRIGGS et al. 2001; BERNSTEIN et al. 2002; SANTOS-ROSA et al. 2002). More 

recent work has described a role for H3K4me in NNS-dependent transcription termination of 

several snoRNAs, likely through its role in modulating acetylation levels through recruitment of 

paired histone acetyltransferase and deacetylase complexes that regulate the opening and closing 

of chromatin structure, respectively (TERZI et al. 2011). Here, I have linked Set1-dependent H3K4 

methylation to residues in the DNA entry-exit site by demonstrating that H3 V46A and H3 I112A 

have reduced H3K4me2 (both mutants) and H3K4me3 (H3 I112A). Further work is required to 

better understand this relationship. 

Together, these data suggest a requirement for the DNA entry-exit site of the nucleosome 

in transcription termination. In addition to this defect, the DNA entry-exit site mutants exhibit a 

myriad of transcription-related phenotypes, including improper placement of H3K4me2/3, 

H3K36me3, and H2Bub, varying Spt- phenotypes at two reporter alleles, the Bur- phenotype, and 

cryptic initiation (Table 4). As expected, mutations to the DNA entry-exit site also cause loss of 

histone occupancy on chromatin to various degrees (Figures 22-23), but the loss of occupancy 

does not correlate with strength of the termination defects of these mutants. It is possible that loss 

of occupancy, perhaps in addition to loss of other important functions, lead to stronger termination 

defects in H3 T45A and R52A, for example. These data align to suggest that the DNA entry-exit 

site has wide roles in chromatin maintenance, and that these pathways are required for productive 

transcription termination. 
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Table 4. Phenotypes of DNA entry-exit site mutants. 
Strain Term. H3K4me H3K36me H2Bub Bur CI Sin Spt* 

H3 R40A WT WT WT -- +++ ++ WT +/- 

H3 K42A ++ WT WT -- ++ ++ WT +/+ 

H3 G44A ++ WT - --- +++ ++ - +/+ 

H3 T45A +++ WT - -- + + - +/+ 

H3 V46A + - -- -- +++ ++ - ++/WT 

H3 R49A ++ WT --- -- +++ +++ WT +++/+ 

H3 R52A +++ WT --- -- + ++ WT +++/++ 

H3 Q93A ++ WT WT --- +++ +++ - +++/+++ 

H3 I112A ++ -- -- WT ++ ++ WT +++/+ 

H4 R78A ++ WT - --- +++ +++ WT +++/WT 

WT: wild type-like growth; -/--/---: decreased signal relative to wild type; +/++/+++ increased 

signal relative to wild type; *his4-912∂/lys2-128∂ 
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3.0 PROPER TRANSCRIPTION DEPENDS ON NUCLEOSOME-DEPENDENT 

MAINTENANCE OF CHROMATIN ARCHITECTURE 

Contents of this chapter will be published as part of a more comprehensive manuscript with 

portions of Chapter 2. Construction of the H3 K36A, R52A plasmid used in Figure 31 was 

performed by Julia Seraly. 

3.1 INTRODUCTION 

Eukaryotic transcription occurs not in the context of naked DNA, but of chromatin, which consists 

of repeated nucleosomes. These “beads on a string” are made up of approximately 147 bp of DNA 

wrapped around a histone core. The histone core contains two copies each of H2A, H2B, H3, and 

H4, where H3-H4 pairs form a heterotetramer to which two H2A-H2B heterodimers bind (LUGER 

et al. 1997). RNA polymerase II, which transcribes most of the Saccharomyces cerevisiae genome, 

requires auxiliary factors to overcome the barrier imposed by nucleosomes. These factors perform 

a myriad of functions that modify the chromatin landscape, including addition and removal of 

histone post-translational modifications that alter protein-protein or protein-DNA interactions, 

replacement of canonical histones with specialized histone variants, or physical repositioning, 

removal, or replacement of whole nucleosomes or portions of nucleosomes (TEVES et al. 2014). 

Chromatin modifying factors such as these exploit the nucleosome’s natural equilibrium between 

open and closed states, termed “DNA breathing” (LI AND WIDOM 2004). This breathing results 

from the asymmetrical unwrapping of the first approximately 15 bp of nucleosomal DNA from the 
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histone core (NGO et al. 2015; CHEN et al. 2017), giving trans-acting factors their initial 

opportunity to invade the nucleosome and perform further chromatin remodeling or modification 

(LI AND WIDOM 2004; LIU et al. 2017). 

The surface of the nucleosome that interacts with this transiently exposed stretch of DNA 

is the DNA entry-exit site, composed primarily of the αN helix of histone H3, and stabilized by 

the nearby H2A docking domain and H4 tail (LUGER et al. 1997). I have recently discovered that 

the DNA entry-exit site of the nucleosome is required for termination of RNA polymerase II (Pol 

II)-transcribed small, noncoding RNAs by the Nrd1-Nab3-Sen1 pathway (Chapter 2). Through a 

genetic screen, I determined that 13 residues in H3, H2A, and H4, when substituted for alanine, 

cause terminator readthrough of a reporter (CARROLL et al. 2004). I confirmed this defect at several 

native snoRNA loci, demonstrating varying levels of terminator readthrough at different loci, 

though H3 T45A and R52A consistently caused the strongest defects. 

Given the requirement of the DNA entry-exit site in chromatin accessibility for processes 

like transcription, I tested the 13 termination mutants for chromatin- and transcription-related 

phenotypes. In addition to their termination defects, the DNA entry-exit site mutants also exhibit 

defects in histone modifications associated with active transcription (H3K4me2/3, H3K36me3, and 

H2Bub), as well as reduced histone occupancy at several genomic loci. Some mutants also exhibit 

Spt- (SIMCHEN et al. 1984; WINSTON et al. 1987; FASSLER AND WINSTON 1988), Bur- (PRELICH 

AND WINSTON 1993), and cryptic initiation (KAPLAN et al. 2003) phenotypes, growth-based 

reporter phenotypes that suggest changes in chromatin architecture often associated with 

deregulation of transcription, consistent with these residues’ roles in providing a stable barrier for 

DNA-templated activities through restriction of DNA breathing. 
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The DNA entry-exit site has also been implicated in proper transcription-dependent 

nucleosome occupancy (HAINER AND MARTENS 2011a; HYLAND et al. 2011). Based on published 

data and my previous work, I hypothesized that the observed termination defect in DNA entry-exit 

site mutants is possibly linked to multiple mechanisms, including impaired H3K36me3, altered 

transcription rate, and improper nucleosome occupancy across genes and near terminators. In this 

study, I show that mutating the DNA entry-exit site of the nucleosome (H3 T45A and R52A) does 

indeed lead to elevated transcript levels downstream of many yeast genes, consistent with a 

termination defect. The link between Set2-catalyzed H3K36me remains incompletely understood 

but making a double mutant histone with alanine substitutions at K36 and R52 results in synthetic 

lethality, suggesting a relationship between the pathways involving these residues. Genome-wide 

nucleosome mapping in a DNA entry-exit site mutant (H3 R52A) reveals decreased occupancy 

compared to wild type cells. This decreased nucleosome occupancy does not correlate with altered 

transcription elongation rate in DNA entry-exit site mutants as measured by a well-studied, ChIP-

based assay (MASON AND STRUHL 2003), but further analysis will be required to better assess 

elongation rate. Importantly, I find that increasing nucleosome occupancy near the terminator of a 

select snoRNA gene by integrating a nucleosome superbinder sequence suppresses the termination 

defect observed upon mutation of the DNA entry-exit site. Overall, these data suggest the DNA 

entry-exit site plays a major role in the proper termination of transcription. 
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3.2 MATERIALS AND METHODS 

3.2.1  Plasmid Construction 

I constructed a plasmid allowing integration of a histone superbinder (SB) sequence at any location 

within the yeast genome, selectable with a URA3 marker, using the pMPY-3xHA backbone 

(SCHNEIDER et al. 1995). I amplified the SB sequence from a TOPO TA vector (HAINER et al. 

2015) flanked by NotI sites or EcoRI and XhoI sites. These fragments and the pMPY-3xHA vector 

were digested by the appropriate restriction enzymes and ligated together in a stepwise fashion to 

produce a plasmid containing SB-URA3-SB (KB1479), which can be integrated into the yeast 

genome, selected for, and then forced to lose the URA3 marker through loop-out of URA3 and 

recombination of the SB sequence on media containing 5-FOA. 

A talented undergraduate, Julia Seraly, used site-directed mutagenesis (Agilent 200523) to 

substitute H3 K36 for an alanine residue in the H3 R52A SHIMA library plasmid (NAKANISHI et 

al. 2008). The resulting plasmid was sequenced to verify the presence of both K36A and R52A 

substitutions, and to ensure no off-target mutations were made. The resulting double mutant 

plasmid was used in serial dilution assays to assess genetic interaction of H3 K36 and H3 R52. 

3.2.2  Yeast Strains and Media 

All Saccharomyces cerevisiae strains used in this study are isogenic to FY2, a GAL2+ derivative 

of S288C (WINSTON et al. 1995). Unless otherwise noted, all experiments were performed with 

KY812 (Table 5) transformed with CEN/ARS plasmids expressing TRP1-marked, alanine-

substituted histones H3 and H4 (hht2-HHF2 or HHT2-hhf2, respectively) (NAKANISHI et al. 2008) 
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or a TRP1-marked plasmid expressing the wild type HHT2-HHF2 cassette. Lithium acetate yeast 

transformations were performed as previously described (BECKER AND LUNDBLAD 2001). Wild 

type histone plasmids were shuffled with TRP1-marked mutant histone plasmids by sequentially 

passaging transformants three times on SC-Trp medium containing 2% dextrose and 0.1% 5-FOA.  

Elongation rate assays required a strain with HA-TBP and FLAG-Rpb3, endogenous 

deletions of the genes encoding histones H3 and H4, and a yeast “long gene” (YLR454W) inducibly 

expressed from the GAL1 promoter. This strain was constructed via multiple genetic crosses: first 

KY811 (hht1-hhf1∆::LEU2, hht2-hhf2∆:KanMX) by PY408 (HA-SPT15), then the resulting strain 

(hht1-hhf1∆::LEU2, hht2-hhf2∆:KanMX, HA-SPT15) by KY2641 (RPB3::3xFLAG::KanMX, 

KanMX::GAL1p-YLR454W). The resulting strain (KY3232) was transformed with the appropriate 

TRP1-marked histone plasmids and shuffled as discussed above to generate wild type and mutant 

histone strains. 

The SB-containing strain was generated by amplifying the SB-URA3-SB cassette in two 

pieces from KB1479. Outside primers had 40 bp of homology to the region downstream of SNR48, 

and universal inside primers annealed to the URA3 gene. Fragments overlapped such that upon 

cotransformation into yeast, homologous recombination joined the two fragments and integrated 

the full-length cassette. Candidate transformants were verified by genotyping through colony PCR 

and Sanger sequencing. The resulting strain (KY3221) was transformed with the appropriate 

TRP1-marked library plasmids and shuffled as discussed above to generate wild type and mutant 

histone strains. 

To generate a strain for verifying expression levels of H3 from the plasmid encoding the 

double substitution of K36A and R52A, I crossed a strain expressing HA-tagged HHT1 (KY2143) 

with a histone shuffle strain (KY812) to obtain a haploid whose only functional chromosomal copy 
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is the tagged copy (KY3511, HHT1-HA::KanMX (hht2-hhf2)∆::KanMX). Using this strain, I was 

able to detect expression of H3 from either a wild type, K36A, R52A, or K36AR52A plasmid in a 

strain with functional, wild type histone H3 to support viability. 

Yeast strains were grown in SC-Trp medium containing 2% dextrose for all experiments 

unless otherwise noted. 

3.2.3  Northern Blot Analysis 

Total RNA was isolated from mid-log phase yeast cultures (OD600 = 0.8 – 1.0) by hot acid phenol 

extraction as described previously (COLLART AND OLIVIERO 2001). 20 µg of each sample was 

analyzed by Northern blot analysis as described previously (SWANSON et al. 1991). Double-

stranded DNA probes were synthesized by random-prime labeling of PCR fragments with [α-

32P]dATP and [α-32P]dTTP (PerkinElmer, Waltham, MA). PCR fragments are as follows: SNR47-

YDR042C (-325 to -33 of YDR042C), SNR48-ERG25 (-746 to -191 of ERG25), SNR48 gene (-70 

to +92 of SNR48), SNR13-TRS31 (-231 to +449 of TRS31), YLR454W (+1982 to +2275 of 

YLR454W), STE11 (+1868 to +2110), and SCR1 (-242 to +283 of SCR1) (primer sequences listed 

in Table 6). 

3.2.4  Western Blot Analysis 

Total protein was isolated from mid-log phase yeast cultures (OD600 = 0.8 – 1.0) by bead beating 

in 20% trichloroacetic acid. Protein samples were resolved on SDS-PAGE gels and transferred to 

nitrocellulose or PVDF membrane. The membranes were incubated with primary antibody against 

HA (12CA5 1:3000, Roche, Basel, Switzerland), total H3 (ab1791 1:15,000, Abcam, Cambridge, 
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UK), H3K36me3 (ab9050 1:1000, Abcam, Cambridge, UK), or G6PDH (A9521 1:30,000, Sigma-

Aldrich, St. Louis, MO) as the loading control. Membranes were then incubated with 1:5,000 α-

mouse or α-rabbit secondary antibody (GE Healthcare, Little Chalfont, UK). Proteins were 

visualized using chemiluminescence substrate (Pico, PerkinElmer, Waltham, MA) and the 

ChemiDoc XRS imaging platform (BioRad, Hercules, CA). 

3.2.5  Chromatin Immunoprecipitation and Quantitative PCR (ChIP-qPCR) 

Chromatin was isolated from 250 mL of yeast cells grown to early log phase (OD600 = 0.5 – 0.8) 

as described previously (SHIRRA et al. 2005). ChIPs were performed by incubating sonicated 

chromatin overnight at 4°C with one of the following primary antibodies: HA (25 µL sc-7392 AC, 

Santa Cruz, Dallas, TX), FLAG (30 µL A2220, Sigma-Aldrich, St. Louis, MO), or H2A (2 µL 

39235, ActiveMotif, Carlsbad, CA). Antibody-chromatin complexes were purified with Protein A 

conjugated to sepharose beads (30 µL, GE Healthcare, Little Chalfont, UK). DNA was column 

purified (QiaQuick, Qiagen, Hilden, Germany) and analyzed by qPCR with Maxima 2X SYBR 

Master Mix (ThermoFisher, Waltham, MA). The primer set analyzed for HA-TBP occupancy 

encompasses GAL1p-YLR454W (−194 to +35). For the transcription elongation experiment, primer 

sets analyzed for Flag-Rpb3 occupancy include: GAL1p-YLR454W (−194 to +35), 2 kb (+1982 to 

+2275), 4 kb (+4069 to +4268), and 8 kb (+7701 to +7850). For superbinder integration, H2A 

occupancy was measured downstream of SNR48 (+113 to +375 of SNR48). Results are presented 

as the average of two technical replicates each of three biological replicates, where error bars 

represent the SEM of these experiments. 
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3.2.6  Total RNA Sequencing (RNA-seq) 

Total RNA was isolated from mid-log phase yeast cultures (OD600 = 0.8 – 1.0) by hot acid phenol 

extraction as described previously (COLLART AND OLIVIERO 2001). RNA was DNase treated 

(TURBO DNase, ThermoFisher, Waltham, MA) and sent to the Health Sciences Sequencing Core 

at UPMC Children’s Hospital for RiboZero treatment, library preparation, and sequencing. 

Libraries were quantified using Qubit and TapeStation and pooled for paired-end sequencing on 

an Illumina NextSeq 500. Sequencing reads were aligned with HISAT2 (KIM et al. 2015) and low 

quality reads were filtered using the SAMtools suite (LI et al. 2009). Differential expression was 

determined using DESeq2 (LOVE et al. 2014). Heatmaps were generated using deepTools2 

(RAMIREZ et al. 2014). 

3.2.7  Micrococcal Nuclease Treatment and Sequencing (MNase-seq) 

Mononucleosomes were prepared essentially as previously described (WAL AND PUGH 2012). 

Briefly, cells were grown in SC medium to OD600 = 0.8 and crosslinked with formaldehyde at a 

final concentration of 1%. 100 mL of cells were pelleted, resuspended in FA buffer (50 mM 

HEPES/KOH, pH 8.0, 150 mM NaCl, 2.0 mM EDTA, 1.0% Triton X-100, and 0.1% sodium 

deoxycholate), and lysed by bead beating. Cell extracts containing chromatin were pelleted and 

resuspended in NP-S buffer (0.5 mM Spermidine, 0.075% IGEPAL, 50 mM NaCl, 10 mM Tris–

Cl, pH 7.5, 5 mM MgCl2, 1 mM CaCl2), and then subjected to digestion by MNase (ThermoFisher, 

Waltham, MA). MNase-treated Kluyveromyces lactis chromatin was spiked into S. cerevisiae 

samples at a ratio of 1:10. Mixed mononucleosomal DNA was purified using agarose gel 

electrophoresis and Freeze N’ Squeeze Columns (BioRad, Hercules, CA). Sequencing libraries 
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were prepared using the NEBNext Ultra II kit and NEBNext Ultra sequencing indexes according 

to manufacturer’s instructions (NEB, Ipswitch, MA). Libraries were quantified using Qubit and 

TapeStation and pooled for paired-end sequencing on an Illumina NextSeq 500 (UPMC Children’s 

Hospital, Health Sciences Sequencing Core, Pittsburgh, PA). Sequencing reads were aligned with 

HISAT2 (KIM et al. 2015) and low quality reads were filtered using the SAMtools suite (LI et al. 

2009). Nucleosome positioning was analyzed genome-wide and heatmaps were generated using 

deepTools2 (RAMIREZ et al. 2014). Metagene profiling of nucleosome positioning was performed 

using DANPOS2 (CHEN et al. 2013). 

3.2.8  4tU Labeling of Nascent RNA and Sequencing (4tU-seq) 

4-thiouracil (4tU)-labeled RNA was prepared essentially as previously described (BONNET AND 

PALANCADE 2014; DUFFY et al. 2015). 4tU was added to log phase cultures (OD600 = 0.8 – 1.0) 

to a final concentration of 0.26 mg/mL in DMSO. Cultures were incubated for 5 min at room 

temperature with constant agitation. 10 OD units of cells were harvested by centrifugation for 3 

min at 3000 rpm at 4°C to pellet cells, and then supernatant was completely removed prior to snap-

freezing in liquid nitrogen. To prepare labeled RNA, S. cerevisiae cells were mixed 10:1 with 

labeled S. pombe cells in Ribopure lysis buffer (Ambion AM1926) as a spike-in control. RNA was 

isolated from the cell mixture according to kit instructions. After isolation, 4tU-labeled RNA was 

biotinylated with 1 µg/mL of MTSEA Biotin-XX (Biotium 90066) for 30 min at room temperature 

in biotinylation buffer (20 mM HEPES, 1 mM EDTA). Meanwhile, streptavidin beads (Invitrogen 

65001) were washed in a high salt wash buffer (100 mM Tris, 10 mM EDTA, 1 M NaCl, 0.05% 

Tween-20) and blocked (high salt wash buffer, 40 ng/uL glycogen) for an hour prior to use. Phenol 

chloroform extraction was used to quench biotinylation reactions by removing unincorporated 
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biotin. Isopropanol precipitated RNA was resuspended in 100 µL nuclease-free water and 

incubated with blocked streptavidin beads for 15 min. Supernatant was removed and set aside as 

unlabeled RNA. Beads were washed twice with elution buffer (100 mM DTT, 20 mM HEPES, 1 

mM EDTA, 100 mM NaCl, and 0.05% Tween-20) and samples were pooled for concentration via 

MinElute columns and library preparation using the NEBNext Ultra II kit (NEB E7770 or E7760, 

directional). Libraries were quantified using Qubit and pooled for paired-end sequencing on an 

Illumina NextSeq 500 (UPMC Children’s Hospital, Health Sciences Sequencing Core, Pittsburgh, 

PA). Sequencing reads were aligned with HISAT2 (KIM et al. 2015) and low quality reads were 

filtered using the SAMtools suite (LI et al. 2009). Spike-in normalization and bigWig generation 

were performed by deepTools2 (RAMIREZ et al. 2014). 

3.2.9  ChIP and Genome-Wide Sequencing (ChIP-seq) 

ChIPs were performed as described above. Upon purification of ChIP DNA, S. cerevisiae was 

mixed 10:1 with immunoprecipitated K. lactis DNA. Libraries were built according to NEBNext 

Ultra II (NEB E7645) manufacturer’s instructions. Libraries were quantified using Qubit and 

pooled for paired-end sequencing on an Illumina NextSeq 500 (UPMC Children’s Hospital, Health 

Sciences Sequencing Core, Pittsburgh, PA). Sequencing reads were aligned with HISAT2 (KIM et 

al. 2015) and low quality reads were filtered using the SAMtools suite (LI et al. 2009). Spike-in 

normalization and bigWig generation were performed by deepTools2 (RAMIREZ et al. 2014). 
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Table 5. Yeast strains used in Chapter 3. 
Strain MAT Genotype 

KY811 α (hht1-hhf1)∆::LEU2 (hht2-hhf2)∆::KanMX his3∆200 lys2-128∂ leu2∆1 ura3-
52 trp1∆63 [pDM1 = URA3/CEN/ARS/HHT2-HHF2] 

KY812 a (hht1-hhf1)∆::LEU2 (hht2-hhf2)∆::KanMX his3∆200 lys2-128∂ leu2∆1 ura3-
52 trp1∆63 [pDM9 = URA3/CEN/ARS/HHT1-HHF1] 

KY2143 α leu2∆1 trp1∆63 HHT1-HA::KanMX 

KY3221 a SNR48-SB (hht1-hhf1)∆::LEU2 (hht2-hhf2)∆::KanMX his3∆200 lys2-128∂ 
leu2∆1 ura3-52 trp1∆63 [pDM9 = URA3/CEN/ARS/HHT1-HHF1] 

KY3232 α RPB3-3xFLAG::KanMX KanMX::GAL1p-YLR454W HA-SPT15 (hht1-
hhf1)∆::LEU2 (hht2-hhf2)∆::KanMX his3∆200 lys2-128∂ leu2∆1 ura3-52 
trp1∆63 [pDM9 = URA3/CEN/ARS/HHT1-HHF1] 

KY3511 α leu2∆1 ura3-52 trp1∆63 HHT1-HA::KanMX (hht2-hhf2)∆::KanMX 
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Table 6. Oligonucleotides used in Chapter 3. 
Target Sequence 

SNR47-YDR042C 
Northern probe 

F     5’-GGCGGTAACGTAAATCAGAGTAGC-3’ 
R     5’-GAGACCTAGTCGTTTGTTAGCTG-3’ 

SNR48-ERG25 
Northern probe 

F     5’-CCTTGGCGCAGAAGACTTTCTCTTC-3’ 
R     5’-GCATACACAGGCGTACGCATACAAG-3’ 

SNR48 Gene 
Northern probe 

F     5’-GCCTTTTTCTTGAATTGTCAATCCGCCC-3’ 
R     5’-GTATTCATTGAATGGAGAGTACTTAAAC-3’ 

SNR13-TRS31 
Northern probe 

F     5’-CGTAGCGCTGCATATATAATGCG-3’ 
R     5’-GATGCAGAAGTCGCTGTGCTGGAG-3’ 

SCR1  
Northern probe 

F     5'-CAACTTAGCCAGGACATCCA-3' 
R     5'-AGAGAGACGGATTCCTCACG-3' 

STE11 
Northern probe 

F     5’-GGATGTCACCAGAGGTGGTCAAAC-3’ 
R     5’-GATTATCAATACAGGGCCTAGTGCCC-3’ 

YLR454W 
Northern probe 

F     5’-GAGACATATCATCCACCCTAG-3’ 
R     5’-GATTTACCTCTGTCGCATCAC-3’ 

GAL1p 
ChIP Primers 

F     5’-GGGGTAATTAATCAGCGAAGCGATG-3’ 
R     5’-CACTTGTACAGTAGAACATTAATCGG-3’ 

YLR454W 2 kb 
ChIP Primers 

F     5’-GAGACATATCATCCACCCTAG-3’ 
R     5’-GATTTACCTCTGTCGCATCAC-3’ 

YLR454W 4 kb 
ChIP Primers 

F     5’-AGATATTACTCGTTGTTCGTGCC-3’ 
R     5’-TCCCAAAACCCTAGTTTAACAG-3’ 

YLR454W 8 kb 
ChIP Primers 

F     5’-GAGGGTCACAGATCTATTACTTGCCC-3’ 
R     5’-GTTGTGAGTTGCTTCAGTGGTGAAGT-3’ 

SNR48-SB 
ChIP Primers 

F     5’-TTACTATGATTAAACAGACCGAGGGAGAA-3’ 
R     5’-AACGGGTTTAAACGGCTGCC-3’ 
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3.3 RESULTS 

3.3.1  Genome-Wide Analysis Demonstrates Readthrough Transcription as a Global 

Phenomenon in DNA Entry-Exit Site Mutants 

To address whether terminator readthrough observed at specific snoRNA loci (Chapter 2) is a 

general feature of DNA entry-exit site mutants, I selected strains harboring alanine substitutions 

that cause the most severe defect by Northern blot analysis (H3 T45A and R52A) and subjected 

them to RNA sequencing (RNA-seq). My spike-in normalized data reveal that many snoRNA loci 

are indeed improperly terminated in DNA entry-exit site mutants as measured by 3’ extension 

index (3’EI) (Figure 24). 3’EI is the fold change in RNA signal 150 bp downstream of the 

annotated transcription end site (TES) in the mutant compared to wild type (TOMSON et al. 2013; 

NEMEC et al. 2017). By this metric, 30/73 (41.1%) of Pol II-transcribed snoRNAs are read through 

at least 1.5-fold higher than wild type in the H3 T45A mutant (Figure 24A) and 43/73 (58.9%) are 

read through at least 1.5-fold higher than wild type in H3 R52A mutant (Figure 24B). 
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Figure 24. 3' extension index demonstrates global snoRNA readthrough in select entry-exit site 

mutants. 

(A) 3’ extension index measured in the H3 T45A mutant. The mutant/wild type ratio of RNA-seq reads 

was determined in a window 150 bp downstream of each snoRNA annotated 3’ end. Ratios greater than 

1.5 (dotted line) are highlighted in purple. (B) 3’ extension index in the H3 R52A mutant. 

I additionally asked whether mRNAs are generally improperly terminated when the DNA 

entry-exit site of the nucleosome is perturbed. To assess this, I centered my RNA-seq data over 

annotated gene 3’ ends and measured fold-change differences in read counts downstream of these 

sites in the mutants compared to wild type (Figure 25). In both mutants, ORF transcription is 

modestly up- or down-regulated at some genes compared to the wild type. Strikingly, however, 

there is a modest spike of read density immediately downstream of the 3’ end in both mutants by 

meta-analysis, suggesting that terminator readthrough is a widespread phenomenon in DNA entry-

exit site mutants. When transcription levels are assessed in smaller 50 bp windows downstream of 
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either protein-coding or snoRNA genes, I observe that a large proportion of these readthrough 

transcripts do extend up to 150 bp from the TES (Figure 26). Together, these results suggest that 

the DNA entry-exit site is broadly required for termination of transcription at the proper location. 

 

 

Figure 25. Readthrough of protein-coding genes is a widespread phenomenon in DNA entry-exit site 

mutants. 

Metagene plot (top) and heatmap (bottom) of RNA-seq reads genome-wide. Each gene is represented as a 

single row in the heatmap. The plot and heatmap are centered around the 3’ end of each gene and show 500 

bp on either side. Red coloration indicates higher RNA-seq signal in the mutant compared to wild type, and 

blue coloration indicates downregulation in the mutant. Metaplots indicate greater read density, on average, 

downstream of genes, suggesting widespread terminator readthrough. 
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Figure 26. Readthrough of protein-coding genes and snoRNAs extends to 150 bp downstream of the 

gene. 

Percent of genes exhibiting either increased or decreased expression over gene bodies, as well as 0-50 bp, 

50-100 bp, and 100-150 bp downstream of genes in H3 T45A and H3 R52A mutants. 

 

To gain a better understanding of the nature of these readthrough transcripts, I generated 

de novo annotations from the wild type and mutant RNA-seq datasets (VENKATESH et al. 2016; 

ELLISON et al. 2019). De novo annotations were generated from pile-up of raw RNA-seq reads 

where single transcripts were generated from continuous stretches of reads with a read depth of at 

least 40 and gaps of no greater than 5 bp. Such an analysis provides assumed transcript isoforms 
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based only on the RNA sequencing data, not influenced by existing transcript annotations. These 

annotations reveal 3’ extended transcripts at snoRNAs (Figure 27) and protein-coding genes alike. 

 

 

Figure 27. De novo transcript annotation shows novel, 3'-extended snoRNA isoforms in termination 

mutants. 



 98 

(A) De novo annotations across the SNR48 locus. This locus extends from left to right. (B) De novo 

annotations across the SNR47 locus. The browser tracks represent raw RNA-seq reads and the lines of 

matching color beneath correspond to the annotations. 

3.3.2  Elongation Rate in DNA Entry-Exit Site Mutants Does Not Correlate with Observed 

Transcriptional Defects 

Previous work has demonstrated kinetic competition between Sen1 and Pol II for NNS-dependent 

termination (HAZELBAKER et al. 2013). Factors increasing the rate of transcription elongation can 

cause Pol II to outpace Sen1, resulting in 3’ extended transcripts. I hypothesized that the elongation 

rate in DNA entry-exit site mutants may be faster due to the decrease in nucleosome occupancy. 

To this end, I have measured elongation rate using a well-characterized ChIP assay (MASON AND 

STRUHL 2003). Making use of its expression from the GAL1 promoter, I effectively shut off 

expression of a yeast long gene, YLR454W, by addition of glucose to the growth medium, and then 

measured Pol II occupancy by FLAG-Rpb3 ChIP-qPCR at four locations over an eight-minute 

time course (Figure 28A) 

Repression of the GAL1 promoter by Mig1 (Multicopy inhibitor of galactose gene 

expression 1) is inefficient in some chromatin-related mutants (MALIK et al. 2017). Therefore, I 

monitored proper shutoff of the long gene by additionally performing ChIP assays for HA-tagged 

TBP at the GAL1 promoter to ensure proper preinitiation complex (PIC) disassembly upon 

introduction of glucose, avoiding the risk of the elongation rate results being confounded by 

reinitiation from the GAL1 promoter.  Reduction in TBP occupancy from zero to eight minutes in 

glucose indicates that appropriate shutoff of transcription from the GAL1 promoter occurs at this 

locus (Figure 28B). 
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Pol II occupancy across YLR454W suggests elongation rates in the mutants are not 

significantly faster than wild type (Figure 28C-E). In fact, elongation rates in the H3 T45A and H3 

R52A mutants appear somewhat slower at this single locus. Importantly, reduction in Pol II 

occupancy across the time course correlates with a reduction in abundance of the YLR454W 

transcript (Figure 29A). The initial amount of transcript, however, agrees with the lower TBP 

occupancy in H3 T45A and H3 R52A mutants at zero minutes. To be sure the decrease in TBP 

occupancy at the GAL1 promoter is not due to reduced expression of the TBP gene, I performed 

Western blot analysis and verified that TBP is appropriately expressed in all three genetic 

backgrounds (Figure 29B). Together, these results suggest that altered rates of transcription 

elongation do not explain the termination defects observed in DNA entry-exit site mutants. 

However, further work is required to more thoroughly assess elongation rates in these strains at 

additional genes. 
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Figure 28. Analysis of transcription elongation rates using a reporter assay demonstrates no 

significant increase in elongation rates in the H3 T45A and R52A mutants. 

(A) Diagram of the GAL1p-YLR454W locus. Bars under the locus diagram indicate locations of qPCR 

primer sets and correspond to the colors in the data graphs in panels C-E. (B) Relative TBP occupancy at 

the GAL1 promoter in each strain tested by the long gene ChIP experiment. TBP occupancy in the wild 
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type strain is much higher at 0 minutes, indicating stronger galactose-induced expression of the reporter 

than in the DNA entry-exit site mutants. Despite the initial difference, TBP occupancy decreases by 8 

minutes in all strains. (C-E) ChIP-qPCR of FLAG-Rpb3 occupancy at the indicated times after addition of 

glucose to repress the reporter gene in (C) wild type, (D) H3 T45A, and (E) H3 R52A strains. Each colored 

line in the graph represents the data for the location that corresponds to the primer location diagram in panel 

A. Error bars represent the SEM of three independent biological replicates. 

 

 

Figure 29. Slower elongation rate in DNA entry-exit site mutants is not due to loss of TBP or failure 

to shut off the reporter locus. 

(A) Northern blot of the YLR454W gene at each time point following glucose addition in the elongation rate 

assay. Location of the Northern probe is as indicated in the locus diagram (top). (B) Western blot analysis 

of HA-TBP levels in DNA entry-exit site mutants compared to wild type. There is no difference in bulk 
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TBP levels in the histone mutants, suggesting that lower TBP occupancy at the GAL1 promoter in Figure 

28B is likely due to reduced recruitment or retention of TBP, not its expression. 

3.3.3  Defects in Placement of H3K36me3 by DNA Entry-Exit Site Mutants Do Not Fully 

Explain the Termination Defect 

I have shown that many DNA entry-exit site mutants have defects in placing transcription-coupled 

H3K36me3 (Chapter 2) in agreement with previous literature (DU AND BRIGGS 2010; ENDO et al. 

2012). This phenotype does not correlate with termination defect strength, however, and the 

strongest termination mutants do not have equivalent methylation defects (Figure 14, H3 T45A 

and H3 R52A). Therefore, I sought to identify genetic relationships between the Set2-mediated 

H3K36me3 pathway and the DNA entry-exit site. First, I asked, because the DNA entry-exit site 

is thought to bind Set2 for its methylation activity (DU AND BRIGGS 2010; ENDO et al. 2012), if 

overexpressing SET2 in DNA entry-exit site mutants might restore the methylation mark to some 

extent and partially suppress the observed termination defect. 

I measured Set2 levels via an HA-tag in wild type cells compared to the DNA entry-exit 

site mutants, and these Western blots showed no difference in ability to express this histone 

methyltransferase from an exogenous plasmid (Figure 30A). While there is currently no method 

for me to examine endogenous Set2 expression, it is likely that Set2 is present in the mutants to 

restore H3K36me3, if possible, based on ability to recover the mark in a set2∆ strain expressing 

the plasmid (compare lanes 9 and 10, Figure 30A). Inability of overexpressed Set2 to restore 

trimethylation at H3K36 may suggest that the DNA entry-exit site provides an important surface 

for interaction of the histone methyltransferase, or for its placement of the methylation mark. 
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In addition to its inability to restore proper histone methylation, overexpression of Set2 did 

not suppress the termination defects of H3 T45A, R49A, or R52A mutants (Figure 30B). This 

could be due to lack of Set2 binding to a mutated DNA entry-exit site, or independence of the 

termination defect observed in these mutants from the H3K36me3 pathway. It is worth noting that, 

compared to the DNA entry-exit site mutants, the previously reported termination defect in set2∆ 

is mild (TOMSON et al. 2013).  

Due to the importance of Set2 in maintaining transcription fidelity through suppression of 

cryptic transcription (CARROZZA et al. 2005; JOSHI AND STRUHL 2005; KEOGH et al. 2005; 

VENKATESH AND WORKMAN 2013), I also tested DNA entry-exit site mutants in combination with 

overexpressed Set2 for suppression of this defect. Set2 overexpression in the H3 T45A and R49A 

mutants is unable to suppress cryptic initiation defects at STE11 (Figure 30C), in line with its 

inability to promote increased H3K36me3 in these strains. It appears, however, that cryptic 

initiation may be somewhat suppressed in H3 R52A whose defect is already, interestingly, more 

moderate than H3 R49A despite equivalent loss of H3K36me3. 

Considering this relationship, we investigated whether there is a genetic interaction 

between H3 residues K36 and R52. With the help of undergraduate Julia Seraly, we constructed a 

histone shuffle plasmid expressing a double histone mutant where both K36 and R52 are 

substituted for alanines. With the hypothesis that these two residues perhaps work in related 

pathways concerning transcription regulation, we tested for synthetic relationships. Intriguingly, 

histone H3 with alanine substitutions at both residues is lethal to the cell (Figure 31A). To assess 

whether this synthetic lethality is due to lack of expression from the plasmid, we transformed the 

H3 K36A, H3 R52A double mutant plasmid into yeast cells with tagged endogenous H3 (HHT1-

HA) and a deletion of the second H3-H4 locus (hht2-hhf2∆). In this context, cells retained the 



 104 

ability to express the double mutant H3 allele (Figure 31B). Therefore, the synthetic lethality 

between K36A and R52A could be due to the additive effects of transcriptional deregulation, for 

example via cryptic initiation due to the K36A substitution, and rampant terminator readthrough 

due to the R52A mutant. 



105 

Figure 30. Overexpression of SET2 in DNA entry-exit site mutants does not restore H3K36me3 or 

suppress the termination or cryptic initiation defects of the DNA entry-exit site mutants. 
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(A) Western blot analysis of overexpression of SET2 from a high copy, 2µ plasmid over endogenous wild 

type SET2. Blots were probed with antibodies against H3K36me3, total H3, HA (to detect HA-Set2 from 

the plasmid), and G6PDH as the loading control. (B) Northern blot analysis of termination defects at SNR47, 

SNR48, and SNR13 in strains from panel A. (C) Northern blot analysis of cryptic initiation at STE11 in 

strains from panel A. 

 

 

Figure 31. The H3 K36A and R52A substitutions are synthetically lethal. 

(A) Strains for yeast dilution assays were constructed by transforming KY812, which contains a wild type, 

URA3-marked H3 expression plasmid, with TRP1-marked plasmids encoding wild type H3, single H3 

K36A and R52A substitutions, and a double mutant with alanine substitutions at both H3 K36 and R52. 

Yeast were subjected to a ten-fold serial dilution analysis and plated on SC-Trp with and without 5-FOA. 
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5-FOA selects against the URA3-marked wild type H3 plasmid, leaving the TRP1 plasmid expressing the 

indicated allele as the only copy of H3. Yeast expressing the H3 K36A, R52A double mutant as the only 

source of H3 are not viable. (B) Western blot analysis confirming expression of the plasmid-borne histone 

mutants analyzed in panel A over integrated HA-tagged, wild type H3 from the HHT1 locus. 

3.3.4  Mutations That Disrupt the DNA Entry-Exit Site Cause Global Changes in 

Nucleosome Occupancy 

Previous work on the role of the DNA entry-exit site in nucleosome breathing highlights the 

importance of this surface for regulating nucleosome accessibility during processes like 

transcription. Work from the Martens lab has associated mutations in the DNA entry-exit site with 

loss of transcription-coupled nucleosome occupancy, further supporting the role for this 

nucleosomal surface in restricting access to DNA when necessary (HAINER AND MARTENS 2011a). 

Led by these previous studies and the preliminary finding that histone levels on chromatin are 

reduced in DNA entry-exit site mutants (Figures 22, 23), I performed Micrococcal nuclease 

(MNase) treatment of chromatin coupled to deep sequencing to assess relative positions and 

occupancy of nucleosomes in the H3 R52A mutant compared to wild type. 

First, I treated S. cerevisiae chromatin with varying amounts of MNase to assess bulk 

nucleosome stability, as well as to identify digestion conditions suitable for the sequencing 

experiment. Based on this preliminary assessment, H3 R52A nucleosomes appear more sensitive 

to MNase than wild type nucleosomes, as evidenced by reduced levels of di-, tri-, and higher order 

nucleosomes at comparable treatments (Figure 32). 
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Figure 32. H3 R52A nucleosomes are more sensitive to MNase treatment than wild type nucleosomes. 

Treatment of total chromatin isolated from cells with wild type nucleosomes or nucleosomes that have 

incorporated H3 R52A. Chromatin was treated with the indicated amount of MNase and incubated at 37°C 

for 20 minutes with occasional inversion to mix. Samples were run on a 2% agarose gel for visualization 

of digestion by ethidium bromide staining. 

 

I proceeded with sequencing of gel-purified mononucleosomes from samples treated with 

2.5 U, 20 U, and 40 U MNase that has been spiked with MNase-treated Kluyveromyces lactis 

chromatin. Analysis was performed on the 2.5 U MNase treatments to minimize over-digestion of 

the mutant and to gain insight on the least chemically perturbed sample available. Nucleosome 

positions were aligned to the yeast genome, centered on published +1 nucleosome position data 

(ZHANG et al. 2011), and visualized by heatmaps. Differences between wild type and H3 R52A, 

when viewed this way, appear subtle (Figure 33A). Wild type, as expected, exhibits a strong +1 

nucleosome at all genes. Nucleosomes in the H3 R52A mutant have reduced occupancy across all 

positions and appear to be less well positioned, which is especially visible in the difference 

heatmap (Figure 33B). This view shows a log2-fold ratio of H3 R52A over wild type signal. 

Changes in nucleosome position in this view are evident by reduced tightness of +2, +3, etc. bands, 



 109 

blue signal over nucleosome positions, indicating lower occupancy in the mutant, and increased 

red signal between nucleosomes indicating that normally internucleosomal regions are more 

occupied in the mutant. Metagene profiling (Figure 34) depicts this as well, where nucleosomes in 

the mutants can be seen generally shifting away from the 5’ nucleosome-depleted region (NDR) 

just upstream of the +1 nucleosome and appear to widen slightly toward the 3’ end of the gene 

relative to wild type. 

Together, these observations suggest that nucleosomes in DNA entry-exit site mutants are 

indeed altered in their genome-wide occupancy and positioning, possibly contributing to the 

myriad of phenotypes I have uncovered. 
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Figure 33. Comparison of nucleosome positioning and occupancy in a wild type strain and the H3 

R52A mutant. 

(A) Heatmap generated in deepTools2. Each row is a single gene in the yeast genome. Higher green signal 

means greater nucleosome occupancy, while white signal suggests depletion of nucleosomes. (B) 

Difference heatmap showing the log2-fold ratio of mutant to wild type signal. Blue coloration indicates 

regions where the mutant has reduced nucleosome occupancy and red suggests that signal is higher in the 
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mutant. Alternating red and blue signal here shows that nucleosomes are improperly positioned in the H3 

R52A strain. 

Figure 34. Metagene profiling of H3 R52A nucleosomes compared to wild type reveals reduced 

occupancy and altered positioning. 

Metagene profiling was performed in deepTools2 using the MNase option. Nucleosomes were centered on 

mapped +1 nucleosome positions (ZHANG et al. 2011). 

3.3.5  Comparison of Genome-Wide Mapping Data Reveals Relationships Between 

Nucleosome Occupancy and Transcription 

To gain a better understanding of nascent transcription versus steady-state RNA levels, and to 

compare those measurements with nucleosome occupancy obtained from our MNase-seq studies, 

I performed 4-thiouracil labeling coupled to deep sequencing, as well as Pol II ChIP-seq. 4tU 

sequencing makes use of a uracil analog to label nascent RNA, which then allows it to be 
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biotinylated and purified under stringent conditions for sequencing, and Pol II ChIP-seq allows for 

sequencing specifically of DNA bound by Pol II. Comparison of RNA-seq, 4tU-seq, and MNase-

seq reveals that RNA signal is higher where nucleosome occupancy is low, supporting the idea 

that mutation of the DNA entry-exit site perhaps increases nucleosome accessibility for 

transcription and termination readthrough (Figure 35). 

 

 

Figure 35. Comparison of RNA levels with nucleosome occupancy suggests RNA is higher where 

nucleosome occupancy is reduced. 

Heatmaps of genes (each row) centered on the TSS and ordered by gene length. The yellow line indicates 

the 3’ end of each gene. In general, regions upstream of the TSS and downstream of the 3’ end are enriched 

for RNA and depleted of nucleosomes, suggesting a relationship between nucleosome occupancy and 

transcription efficiency. 
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Analysis of Pol II ChIP-seq data reveals several interesting patterns. When aligned to 

annotated +1 nucleosome locations, the nucleosomes appear to pose a barrier to the elongating 

polymerase, especially in the wild type strain. Pol II density increases and decreases periodically 

with the nucleosomes, suggesting perhaps a slight pause before proceeding through them. This 

patterning is diminished in H3 R52A, suggesting that this nucleosome barrier may be reduced, as 

predicted (Figure 36). Perhaps as an extension of this idea, Pol II density is decreased downstream 

of genes in the H3 R52A mutant compared to wild type (Figure 37). If Figure 36 does indeed 

suggest lower nucleosome barriers to transcription in the mutant, it is possible that elongation 

proceeds at a rate that prevents adequate pausing near 3’ ends to efficiently terminate Pol II, 

explaining the reduced Pol II occupancy in this region, despite RNA levels often appearing 

increased downstream of genes in this mutant (Figure 35). Overall reduction of Pol II occupancy 

in the H3 R52A mutant is supported by previous work by the Horikoshi lab (ENDO et al. 2012). 
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Figure 36. Pol II patterning across genes changes in the H3 R52A mutant. 

Heatmaps of genes (each row) centered on published +1 nucleosome maps (ZHANG et al. 2011). RNA 

polymerase II appears periodic across a gene possibly due to the requirement to transcribe through 

nucleosome barriers. This periodicity is diminished in the H3 R52A mutant, suggesting the barrier is 

reduced. This periodic Pol II density has been observed in our lab previously (M. Ellison, unpublished). 



 115 

 

Figure 37. Pol II occupancy decreases downstream of TESes. 

Heatmaps of genes (each row) centered on annotated TES sites. RNA polymerase II occupancy is low 

across genes in general in the H3 R52A mutant and, unlike in wild type, Pol II density does not increase 

dramatically downstream of transcribed genes. It is possible that this indicates fewer polymerases pausing 

near the 3’ ends of genes, thus likely not properly terminating transcription. 
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3.3.6  Stably Positioning a Nucleosome in the SNR48 Terminator Suppresses the 

Termination Defect of the H3 R52A Mutant 

Informed by my MNase-seq data, I hypothesized that nucleosome occupancy around terminators 

is critical for proper termination by Pol II. To test this, I inserted a 133 bp sequence, termed the 

superbinder sequence, that very stably binds histone proteins (WANG et al. 2011) downstream of 

the SNR48 termination site as determined by our de novo transcriptome assembly data (Figure 38). 

To monitor nucleosome occupancy at this location, I performed H2A ChIP coupled to qPCR using 

primers conserved in strains containing and lacking the superbinder sequence (Figure 39A). These 

data suggest that nucleosome occupancy is increased approximately 3-fold in wild type cells and 

2.5-fold in mutant cells (Figure 39B). Consistent with my hypothesis, this increase in nucleosome 

occupancy downstream of SNR48 suppresses the termination defect in H3 R52A to the level of a 

wild type cell lacking the superbinder (Figure 39C). Interestingly, increased nucleosome 

occupancy at this terminator is also sufficient to suppress basal level detectable transcript observed 

in the wild type strain. 
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Figure 38. Using MNase-seq coupled to RNA-seq-based de novo transcript assembly to determine the 

best site for integration of the superbinder sequence. 

MNase-seq data from a 2.5 U digestion visualized in IGV (top) compared to de novo annotations generated 

from RNA-seq data from the same strains (bottom). Arrows indicate lost nucleosome occupancy in the H3 

R52A strain compared to the wild type, which is coincident with the 3’ end of the transcript in the wild type 

strain. The arrow corresponds to the location of integration of the superbinder sequence (black bar under 

browser shot). For scale, SNR48 is 113 bp. 

 

I ensured specificity of the readthrough transcript in the context of the superbinder by 

additionally probing Northern blots for the SNR48 gene, which can detect the mature SNR48 

transcript and the readthrough transcript (Figure 40). Together, these data suggest that proper 

transcription termination is regulated in part by nucleosome occupancy and that the DNA entry-

exit site of the nucleosome is critical for maintaining the proper chromatin landscape. 
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Figure 39. Integration of the superbinder sequence downstream of SNR48 suppresses the termination 

defect of H3 R52A. 

(A) Cartoon diagram of “superbinder nucleosome” location (blue wheel) and locations of qPCR primers 

(for ChIP) and the Northern probe (for Northern blot analysis of SNR48 readthrough). (B) ChIP with an 

antibody against histone H2A. Histone occupancy increases ~2.5-fold in +SB strains. (C) Northern blot 

analysis of SNR48 readthrough in wild type and H3 R52A strains with or without the superbinder sequence. 

Integration of the superbinder reduces readthrough of the SNR48 locus in mutant and wild type strains. 
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Figure 40. Readthrough of SNR48 in strains with and without the superbinder sequence are 

detectable with a Northern probe for SNR48. 

(A) Location of Northern blot probe over the SNR48 locus (black bar over SNR48) and the observable 

transcript types. (B) Northern blot analysis of transcripts associated with the SNR48 gene. Lighter exposure 

reveals only the highly expressed SNR48 gene (black arrow), while a darker exposure reveals the associated 

readthrough transcripts (blue arrow). The same pattern of reduction in the strains containing the 

superbinder, as in Figure 39C, are observed here.  
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3.4 DISCUSSION 

In this study, I have shown that maintenance of chromatin architecture is critical for regulating 

transcription and its termination genome-wide. Based on phenotypic characterization of DNA 

entry-exit site residues that, when mutated, cause termination defects (Chapter 2), I considered 

three main hypotheses regarding the role of the entry-exit site in transcription termination and 

tested these in the two most termination-defective mutants: H3 T45A and H3 R52A. First, work 

from the Buratowski lab suggests that transcription elongation rate is closely coupled to fidelity of 

transcription termination (HAZELBAKER et al. 2013). Hypothesizing that impairing the DNA entry-

exit site reduces nucleosome stability, thus reducing the barrier that nucleosomes in such a strain 

might pose to Pol II during transcription, I tested transcription rate in H3 T45A and H3 R52A by 

a well-characterized, ChIP-based assay (MASON AND STRUHL 2003). By this assay, elongation rate 

in the two mutants tested appears very similar to – if not somewhat slower than – wild type yeast 

cells. Interestingly, this is in contrast to Pol II ChIP (not shown) and Pol II ChIP-seq (Figures 36, 

37) that may suggest altered Pol II kinetics in the H3 R52A strain. 

Second, based on previous work from our lab and others (DU AND BRIGGS 2010; ENDO et 

al. 2012; TOMSON et al. 2013), I hypothesized that Set2-mediated H3K36me3 may directly involve 

the DNA entry-exit site. Interestingly, overexpression of SET2 in mutant strains does not increase 

K36me3 in mutants tested, nor does this suppress their termination defects or cryptic initiation 

defects to a significant degree. This inability to increase trimethylation of H3 K36 perhaps 

indicates that mutation of the DNA entry-exit site blocks interaction of Set2 with the nucleosome, 

or that these mutations have affected another requirement for H3K36me3. Interestingly, a similar 

result was published from the Strahl and Mellor labs where SET2 overexpression was unable to 

restore trimethylation of H3 K36 in the absence of histone chaperone Spt6 (YOUDELL et al. 2008). 
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It is possible that the relationship between the DNA entry-exit site and placement of this mark 

depends on Spt6 in a way that has not yet been tested. 

Finally, related to the role of the DNA entry-exit site in restricting DNA breathing, I asked 

whether alanine substitution in the entry-exit site surface could effectively reduce nucleosome 

stability, or alter nucleosome organization, to the extent that transcription is affected genome wide. 

I explored this possibility by performing MNase-seq in wild type and H3 R52A strains. Indeed, I 

observed that global nucleosome occupancy is reduced and nucleosome positioning changes when 

the DNA entry-exit site is mutated. Interestingly, the position change consists of nucleosome peak 

centers shifting away from 5’ NDRs and more 3’ nucleosomes becoming fuzzier, or less well 

positioned, in the H3 R52A mutant compared to wild type. This shares some similarity in regards 

to the loss in occupancy and direction of nucleosome shifting with MNase-seq profiles of the spt6-

1004 mutant (DORIS et al. 2018), which also exhibits loss of H3K36me3, increased cryptic 

initiation, and reduced nucleosome reassembly (CHEUNG et al. 2008). 

Of note, the reduction in nucleosome occupancy seems apparent not only in the MNase-

seq data, but in the Pol II ChIP-seq data as well (Figure 36). Compared to wild type, in which Pol 

II occupancy across a gene is associated with high, nucleosome-like periodicity, that periodicity is 

diminished in the H3 R52A mutant. This suggests that Pol II does not accumulate around 

nucleosomes as in wild type, perhaps demonstrating the relationship between the weakened 

nucleosome in a DNA entry-exit site mutant and relief of a stringent barrier against Pol II 

progression, allowing its relatively unperturbed progression. While this aligns well with the work 

published in Hazelbaker et al., it is not supported by the elongation rate experiment performed 

here (Figure 28). 



 122 

To directly test the hypothesis that nucleosomes are specifically required for acting as a 

physical barrier to RNA polymerase II to promote efficient termination, I integrated a superbinder 

sequence downstream of SNR48. This sequence has been shown previously to increase histone 

occupancy at the location of choice (WANG et al. 2011; HAINER et al. 2015), driving formation of 

a highly stable nucleosome. Integration of this sequence downstream of SNR48 increases histone 

occupancy by about 2.5-fold in wild type and H3 R52A strains and effectively suppresses 

terminator readthrough at this locus in both strains (Figure 39). This supports the hypothesis that 

a stable nucleosome is a sufficient barrier to Pol II progression that perhaps drives the Pol II pause 

necessary for termination factors to perform their respective activities. 

Together, these data suggest that the relationship between the DNA entry-exit site and 

regulation of transcription termination involves its intrinsic role in gating nucleosome accessibility 

and, perhaps, its additional roles in mediating cotranscriptional histone modifications required for 

altering chromatin structure. 
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4.0 IDENTIFYING GENETIC INTERACTORS WITH THE DNA ENTRY-EXIT SITE 

OF THE NUCLEOSOME 

Contents of this chapter were performed with the help of Arndt lab undergraduate Lauren Lotka. 

Further analysis, experimentation, and investigation of candidates from this screen are required 

and are the goal of Lauren’s Summer 2019 Colella Fellowship under the mentorship of Dr. 

Margaret Shirra. 

4.1 INTRODUCTION 

The DNA entry-exit site of the nucleosome regulates nucleosome accessibility during processes 

such as transcription, replication, recombination, and DNA repair (Introduction). This surface is 

composed of the αN terminal helix extension of histone H3, and is stabilized by the docking 

domain region of histone H2A (LUGER et al. 1997). Through nucleosome breathing, where the 13-

15 base pairs of linker-adjacent, nucleosomal DNA transiently wraps and unwraps from the histone 

core surface, DNA becomes accessible to factors like histone chaperones, chromatin remodelers, 

and histone modifiers, among other proteins, that must invade the nucleosome core to perform 

their respective activities (LI AND WIDOM 2004; LI et al. 2005). An intact DNA entry-exit site 

effectively restricts access to such factors, including RNA polymerase II, until cellular conditions 

are appropriate for transcription of particular loci. When this surface of the nucleosome is altered 

by mutations, however, the nucleosome becomes more accessible and a multitude of cellular 



 124 

processes are affected (DU AND BRIGGS 2010; HAINER AND MARTENS 2011a; HYLAND et al. 2011; 

ENDO et al. 2012). 

My work so far suggests that the DNA entry-exit site is required for transcription 

termination (Chapters 2 and 3). Alanine substitution of residues in H3 near entry-exit DNA causes 

termination defects genome-wide, and substitutions in H2A cause readthrough defects at least at 

select snoRNAs (Figures 11, 12, 24, and 25). These mutations also cause a myriad of other 

transcription-related defects, including deregulation of histone modification marks, phenotypes 

common to mutants with altered chromatin states, and reduced nucleosome occupancy genome-

wide. Previous work from our lab and others has drawn connections between the DNA entry-exit 

site and known regulators of transcription termination. This includes the requirement for the entry-

exit site in Set2-mediated H3K36me3 (DU AND BRIGGS 2010; ENDO et al. 2012), which our lab has 

shown as a critical pathway for Nrd1-Nab3-Sen1 (NNS)-dependent termination (TOMSON et al. 

2013). Additionally, many entry-exit residues are required for maintaining transcription-coupled 

nucleosome occupancy (HAINER AND MARTENS 2011a). Transcription elongation rate, the 

regulation of which depends on factors such as appropriate chromatin architecture, has been shown 

to dictate the location of the termination window for NNS-terminated transcripts via kinetic 

competition between the Sen1 helicase and RNA polymerase II (HAZELBAKER et al. 2013). 

I have shown that H3K36me3 and nucleosome occupancy defects in DNA entry-exit site 

mutants may contribute to their termination defects. However, the mechanisms linking these 

pathways is not yet clear. Therefore, we sought to identify factors that interact with the DNA entry-

exit site of the nucleosome to better understand its roles in histone modification, nucleosome 

occupancy, and transcription termination. To screen for positive and negative genetic interactions 

with a mutated DNA entry-exit site (H3 R52A), we employed Saturated Transposon Analysis in 
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Yeast (SATAY) (MICHEL et al. 2017). Adapted from prokaryotic screens for essential genes 

(CHRISTEN et al. 2011), this method makes use of a plasmid-borne miniDS transposon and the 

complementary Ac transposase from maize under galactose-inducible expression for driving 

transposition in Saccharomyces cerevisiae (WEIL AND KUNZE 2000; LAZAROW et al. 2012). From 

large cultures of cells, this method generates millions of transposed clones, thus yielding saturated 

libraries of transposon insertions to assess cellular responses to given genetic or environmental 

contexts. Where transposon insertion is not tolerated – suggesting the particular environmental 

conditions are toxic to cells in the absence of a particular gene product, or if a negative genetic 

interaction exists with a background mutation of interest – yeast cells are inviable, removing them 

from the pool of transposed clones. Coupled to genome-wide sequencing, locations of 

transposition events are uncovered, and instances of tolerated and non-tolerated events are 

differentiated based on relative sequencing coverage (non-tolerated transposition events will 

appear as gaps in sequencing data). In this way, a comprehensive, unbiased map of genetic 

interactions in a desired context is generated for further investigation. 
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4.2 MATERIALS AND METHODS 

4.2.1  Yeast Strains and Media 

All Saccharomyces cerevisiae strains used in this study are isogenic to FY2, a GAL2+ derivative 

of S288C (WINSTON et al. 1995). Performing SATAY analysis requires a complete deletion of 

ADE2, therefore, I crossed KY809 (MAT α (hht1-hhf1)∆::LEU2 (hht2-hhf2)∆::HIS3) and KY812 

(MAT a (hht1-hhf1)∆::LEU2 (hht2-hhf2)∆::KanMX) to generate a histone shuffle diploid. I used 

one-step gene replacement to swap the ADE2 gene with the NatMX cassette, and then dissected 

the resulting heterogeneous diploid for haploids with histone shuffle capabilities, as well as the 

new ade2∆::NatMX allele. All experiments were performed with this resulting strain (KY2881) 

transformed with a CEN/ARS plasmid expressing hht2R52A-HHF2 or a wild type HHT2-HHF2 

from a TRP1-marked plasmid (NAKANISHI et al. 2008). Lithium acetate yeast transformations were 

performed as previously described (BECKER AND LUNDBLAD 2001). URA3-marked wild type 

histone plasmids covering the base strain were shuffled with TRP1-marked mutant histone 

plasmids by sequentially passaging transformants three times on SC-Trp medium containing 2% 

dextrose and 0.1% 5-FOA.  

4.2.2  Screen for Synthetic Lethal Interactions with Saturated Transposon Analysis in Yeast 

(SATAY) 

4.2.2.1 Transposon Library Generation 

The SATAY protocol was adapted from (MICHEL et al. 2017). KY2881 was transformed with 

pBK549 (Figure 41) and selected on SD-Ura. Single transformants were struck on SD-Ura and 
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SD-Ade to obtain Ura+ Ade- single colonies, ensuring no spurious recombination events had 

occurred (repairing the ADE2 gene within the plasmid and allowing for premature growth on 

media lacking adenine). A patch of cells derived from a single colony was used to inoculate 150-

200 mL of SD-Ura + 0.2% glucose + 2% raffinose, which was incubated at 30°C until saturation 

(OD600 = ~3.5). A small aliquot of the culture was diluted 40,000X and plated on control plates to 

count instances of overall plasmid loss (comparing SD-Complete and SD-Ura plates) and 

uninduced transposition (SD-Ade + 2% glucose). Cells were pelleted, washed two times with 

sterile water, and resuspended to an OD600 = 39. 200 µL of this concentrated culture was spread 

on approximately 100 SD-Ade + 2% galactose plates to induce expression of the transposase 

encoded on pBK549. Once dried, plates were restored to their original sleeves in stacks of 

approximately 12-15, loosely sealed to prevent drying, and incubated at 30°C for 2-3 weeks. 

To determine length of incubation time, plates were visualized by microscopy and counted 

once every several days. During this time, plates were inspected for contamination and discarded 

if necessary. To count, a 1 cm2 box was drawn on 3-5 representative plates per strain background. 

Dense colonies of cells in this region were counted at 160X magnification for each plate, and the 

number of cells counted on each plate was averaged. This average count was multiplied by 55 cm2, 

to estimate the number of cells per plate, and recorded for each count. Cells were harvested when 

the number of colonies per plate changed by less than 5% between counts.  

Transposon libraries were harvested by pipetting 2 mL of sterile water to each plate and 

using a sterilized glass rake to scrape and resuspend colonies. All resuspended colonies were 

collected in a 100 mL flask and diluted 1:100 for OD600 measurement. The cell suspension was 

used to inoculate 2 L of prewarmed SD-Ade + 2% glucose to OD600 = 0.2. The culture was allowed 

to grow to saturation, and then harvested by pelleting. Cell pellets were washed once with sterile 
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water, supernatant was decanted, and cells were resuspended in remaining liquid. The concentrated 

cells were aliquoted at 500 µL per microcentrifuge tube, spun briefly to remove excess supernatant, 

and flash frozen for storage. 

4.2.2.2 DNA Library Generation 

Cell pellets were thawed on ice and resuspended in 500 µL Cell Breaking Buffer (2% Triton-X, 

1% SDS, 100 mM NaCl, 100 mM Tris, and 1 mM EDTA). Resuspended pellets were aliquoted 

into microcentrifuge tubes in 250 µL aliquots. 200 µL phenol:chloroform:isoamyl alcohol 

(25:24:1) and 300 µL glass beads were added to each sample. Samples were vortexed for 10 

minutes (30 seconds vortex and 30 seconds rest on ice). After lysis, 200 µL TE (10 mM Tris and 

1 mM EDTA) was added to each sample. Samples were centrifuged for 5 minutes at 14,000 rpm 

at 4°C. The aqueous phase (~400 µL) was transferred to a fresh tube and 1 mL cold 100% ethanol 

was added. Samples were inverted several times to mix and incubated at -80°C for one hour. After 

precipitation, samples were pelleted for 15 minutes at 14,000 rpm at 4°C. Supernatant was 

decanted and pellets were washed with 1 mL cold 70% ethanol. Pellets were spun once more at 

14,000 rpm for 5 minutes at room temperature. DNA pellets were dried completely, resuspended 

in 200 µL RNase A (250 µg/mL in TE), and incubated at 37°C for 30 minutes. Upon completion 

of digestion, 500 µL of 100% ethanol and 20 µL sodium acetate (3 M, pH 5.2) was added to each 

sample. Again, samples were incubated at -80°C for one hour. After precipitation, samples were 

pelleted for 15 minutes at 14,000 rpm at 4°C. Supernatant was decanted and pellets were washed 

with 1 mL cold 70% ethanol. Pellets were spun once more at 14,000 rpm for 5 minutes at room 

temperature. Pellets were dried completely, resuspended in 100 µL nuclease free water, and 

incubated at 65°C for 10 minutes to ensure complete resuspension. For each sample, 5 µL of a 10X 
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dilution was run on a 0.6% agarose gel against titration of a DNA sample of known concentration 

to estimate DNA concentration for each sample. 

2 µg genomic DNA from each sample was digested in parallel with 50 units of DpnII and 

50 units of NlaIII in 50 µL for 16 hours at 37°C. Restriction enzymes were heat-inactivated at 65°C 

for 20 minutes. For each sample, 3 µL of the resulting digests were run on a 2% agarose gel where 

a smear whose center is approximately 500 bp is observed. Digested fragments were self-

circularized with 25 Weiss units of T4 DNA Ligase (NEB, Ipswitch, MA) for 6 hours at 22°C in a 

volume of 400 µL. Samples were precipitated with 40 µL sodium acetate (3 M, pH 5.2), 1 mL cold 

100% ethanol, and 1 µL glycogen (20 mg/mL) overnight at -80°C. DNA was pelleted at 4°C by 

spinning 14,000 rpm for 20 minutes. Pellets were washed with 1 mL 70% ethanol and centrifuged 

again at 4°C for 10 minutes. Pellets were allowed to dry completely, and then were resuspended 

in 50 µL nuclease free water. Samples were divided into 10 µL aliquots in PCR tubes and amplified 

using primers containing Illumina P5 and P7 adaptor sequences. Each individual sample (for 

instance, WT DpnII, WT NlaIII, mutant DpnII, mutant NlaIII) was amplified with a separate P7-

containing oligonucleotide with a unique barcoding index sequence to allow for multiplexing 

several samples on a single flow cell (Table 8). Resulting PCR reactions were pooled for each 

sample, purified, and run on a gel to verify library builds. Both digestion schemes yield smears 

from approximately 250 bp – 1.2 kb, with the highest density signal around 500 bp. For DpnII 

digests, a band corresponding to cut pBK549 appears at 465 bp. In NlaII-digested samples, this 

band appears at 867 bp. Additional bands may be visible within the smear. 

250 – 1200 bp smears were gel purified to exclude adaptor-dimers from sequencing. 

Samples were pooled in equal concentrations and submitted to UPMC Children’s Hospital 
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Sequencing Core for sequencing on the Illumina NextSeq 500. Due to the nature of the library 

build, samples were submitted with custom sequencing and indexing primers (Table 8). 

4.2.2.3 Data Analysis 

Demultiplexed FASTQ files were obtained from the UPMC Children’s Hospital Sequencing Core 

and were first trimmed of non-genomic, transposon-associated reads using CutAdapt (MARTIN 

2010). The -m 20 option was used to output only reads greater than 20 bp to avoid non-unique 

mapping to the S. cerevisiae genome. The trimmed output sequences were aligned to the sacCer3 

(UCSC) yeast genome with HISAT2 (KIM et al. 2015) and low quality reads were filtered using 

the SAMtools suite (LI et al. 2009). The deepTools2 suite (RAMIREZ et al. 2016) was used to 

normalize each library by counts per million (CPM) and generate bigWig files for viewing in 

Integrative Genomics Viewer (IGV 2.5.x) (THORVALDSDOTTIR et al. 2013). Genome browser 

tracks show combined DpnII and NlaIII data sets for a given biological sample. Sequencing reads 

were counted over genes using featureCounts (LIAO et al. 2014). To estimate fold-enrichment of 

transposon insertion in the mutant compared to wild type, we averaged the three H3 R52A 

replicates and divided read counts from wild type to read counts across the three replicates of the 

mutant. To prevent division errors, 1 read was added to each count prior to calculating the 

enrichment score. 
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Table 7. Yeast strains used in Chapter 4. 
Strain MAT Genotype 

KY2881 a (hht1-hhf1)∆::LEU2 (hht2-hhf2)∆::KanMX his3∆200 lys2-128∂ leu2∆1 ura3-
52 trp1∆63 ade2∆::NatMX [pDM1 = URA3/CEN/ARS/HHT2-HHF2] 
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Table 8. Oligonucleotides used in Chapter 4. 
Target Sequence 

P5_miniDS 5’-AATGATACGGCGACCACCGAGATCTACtccgtcccgcaagttaaa 
ta-3’ 

miniDS_P7_Index1 5’-CAAGCAGAAGACGGCATACGAGATCGAGTAATacgaaaac 
gaacgggataaa-3’ 

miniDS_P7_Index2 5’-CAAGCAGAAGACGGCATACGAGATTCTCCGGAacgaaaac 
gaacgggataaa-3’ 

miniDS_P7_Index3 5’-CAAGCAGAAGACGGCATACGAGATAATGAGCGacgaaaac 
gaacgggataaa-3’ 

miniDS_P7_Index4 5’-CAAGCAGAAGACGGCATACGAGATGGAATCTCacgaaaac 
gaacgggataaa-3’ 

miniDS_P7_Index5 5’-CAAGCAGAAGACGGCATACGAGATTTCTGAATacgaaaac 
gaacgggataaa-3’ 

miniDS_P7_Index6 5’-CAAGCAGAAGACGGCATACGAGATACGAATTCacgaaaac 
gaacgggataaa-3’ 

miniDS_P7_Index7 5’-CAAGCAGAAGACGGCATACGAGATAGCTTCAGacgaaaac 
gaacgggataaa-3’ 

miniDS_P7_Index8 5’-CAAGCAGAAGACGGCATACGAGATGCGCATTAacgaaaac 
gaacgggataaa-3’ 

688_miniDsSEQ1210 5’-tttaccgaccgttaccgaccgttttcatcccta-3’ 
Custom_IndexSEQ 5’-GGTTTTCGATTACCGTATTTATCCCGTTCGTTTTCGT-3’ 

Uppercase text: P5/P7 sequence; lowercase text: miniDS sequence; bold text: barcoding index 
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4.3 RESULTS 

4.3.1  Pilot of SATAY Library Generation in Strains Expressing Wild Type and Mutant 

DNA Entry-Exit Site H3 Alleles on Plasmids 

The original SATAY screen is technically very simple. The strain of interest is transformed with 

a plasmid encoding a transposase/transposon (Ac/Ds) system that, upon plating on media 

containing galactose, inserts transposons into the yeast genome (WEIL AND KUNZE 2000; 

LAZAROW et al. 2012). Selection on SD-Ade is driven by excision of the miniDS sequence from 

the plasmid-borne ADE2 gene. Resulting double strand break repair of ADE2 restores a functional 

copy of this gene to a cell with a deleted chromosomal copy. However, this repair system limits 

the number of recovered transposon clones to those cells successful in repairing ADE2. After initial 

publication of the SATAY protocol (MICHEL et al. 2017), the Kornmann lab engineered a 

modified, higher efficiency Ac/Ds transposition plasmid (Figure 41). pBK549 maintains all of the 

features of the original plasmid, pBK257, except that the halves of ADE2 on either side of the 

miniDs transposon include sequence to direct homologous recombination of the ADE2 gene upon 

excision of the transposon. This relatively error-free repair mechanism drives higher efficiency of 

recovery of a wild type ADE2 locus and, therefore, far more selectable transposon clones. 

Using the new SATAY system, we generated about 9.36x105 clones in a strain with deleted 

for the chromosomal genes for H3 and H4 (hht1-hhf1∆, hht2-hhf2∆) and expressing H3 R52A 

from a plasmid. We also generated transposon libraries with approximately 1.31x106 clones from 

a matched strain expressing wild type H3 from a plasmid to account for background effects of 

plasmid-based histone expression. Notably, the modified SATAY protocol, using strains derived 

from BY4741, suggests that approximately 2 million clones can be isolated on 20-40 SD-Ade 
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plates. Numbers of clones reported here are the result of approximately 100 plates, suggesting that 

FY2 derivatives, especially those harboring plasmids, may have reduced transposition efficiency 

in comparison to BY4741. We also found from this preliminary screen that additional plasmids in 

SATAY query strains, even low-copy plasmids, act as transposon sinks that reduce chromosomal 

transposon reads (Figure 42). This is especially the case in the presence of the wild type H3 

expression plasmids that may be able to tolerate transposition better than plasmids expressing the 

H3 R52A mutant allele (Figure 42B). 

 

Figure 41. Simple diagram of SATAY plasmid (pBK549). 

URA3 acts as the selectable marker for transformation of pBK549. The AC transposase is driven by the 

GAL1 promoter, so high levels of transposition is induced by growth on galactose. The ADE2 gene is 

interrupted by the miniDS maize transposon. Excision of the transposon results in repair of ADE2 and ability 

to grow on SD-Ade, the selection media for transposon clones. 
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Figure 42. pBK549 and additional plasmids are targets for transposon insertion. 

(A) Browser window of the ADE2 gene, which is encoded on the pBK549 SATAY plasmid. In all 

conditions, thousands of reads align to this highly abundant plasmid-borne sequence in SATAY sequencing 
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libraries. This reduces effective signal elsewhere in the genome. Data from the Kornmann lab also shows a 

higher density of reads over SATAY-associated genes, such as ADE2, than surrounding genes (MICHEL et 

al. 2017). (B) To a lesser extent, additional plasmids in SATAY query strains reduce signal. Especially for 

the wild type H3 plasmid, shown here as blue tracks, the TRP1 marker shows high sequencing coverage. 

4.3.2  Identification of Potential Positive and Negative Genetic Interactors with the DNA 

Entry-Exit Site 

Analysis of our SATAY pilot screen with the H3 R52A DNA entry-exit site mutant reveals several 

interesting paths to follow genetically. Subjecting the top 10% of potential synthetic lethal 

interactors (enrichment of over 10-fold) to Gene Ontology (GO) function analysis with a p-value 

cutoff of p≤0.01 results in a single category, “Unannotated,” making up 101 of 572 (17.7%) of 

these genes (p-value = 3.89e-05). Interestingly, several of these dubious ORFs overlap genes of 

known function in processes related to the DNA entry-exit site (Table 9, Figure 43A), perhaps 

suggesting the synthetic relationship is due to affecting the expression of the known gene. 

Additionally, perhaps mistakenly, CTK3, a subunit of the CTD Kinase-1 (CTDK-1) complex, is 

included in this list of “unannotated” ORFs. 
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Table 9. Unannotated ORFs overlap genes relevant to DNA entry-exit site function. 
Dubious ORF Overlapped 

Gene 
ORF 

Function 
Gene 

Function 
Reads 
WT 

Reads 
R52A 

Ratio 

YNL235C SIN4 Unknown Mediator 
Complex 

49.78 1.15 43 

CTK3/YML112W N/A CTDK-1 N/A 40.41 1 40 
YDL071C BDF2 Unknown Transcription 

(TFIID) 
117.34 3.96 30 

YGL042C DST1 Unknown TFIIS 25.80 1 26 
VPS65/YLR322W  SFH1 Unknown RSC 

Complex 
22.66 1 23 

YDR290W RTT103 Unknown Pol II 
Termination 

23.38 1.34 17 

 

From the top 10% of potential synthetic lethal interactors, I identified several genes of 

known function related to transcription and RNA processing (Table 10, Figure 43B). Of interest, 

at least two members each of the COMPASS, NuA4, and SAGA (Figure 43C) complexes are 

represented in this list, suggesting that these complexes potentially play some role in regulating 

transcriptional activity related to the function of the DNA entry-exit site. The COMPASS complex, 

of which the catalytically active subunit is Set1, is responsible for cotranscriptionally methylating 

histone H3 at lysine 4 (BRIGGS et al. 2001). NuA4, whose Esa1 subunit is the only essential histone 

acetyltransferase in the yeast genome, is the primary HAT for histone H4 (ALLARD et al. 1999; 

GINSBURG et al. 2009). SAGA has many transcription-related roles, including interaction with 

TBP, for which both Spt3 and Spt8 are required, and histone acetylation and deubiquitylation 

(HELMLINGER AND TORA 2017). 
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Table 10. General transcription-related genes in the top 10% of transposon enrichment in WT over 
mutant (synthetic lethality). 

Gene Complex, Function Reads WT Reads R52A Ratio 
HTA1 Histone H2A 154.99 1.78 87 
BRE2 COMPASS, H3K4me 140.06 1.62 87 
EAF7 NuA4 HAT 97.22 1.61 61 
CTK3 CTDK-1 40.41 1 40 
THO1 nuclear RNA binding 47.92 2 24 
SDC1 COMPASS, H3K4me 18.39 1.03 18 
SPT8 SAGA Complex 700.64 41.08 17 
YNG2 NuA4 HAT 183.29 13 14 
PAF1 Paf1 Complex 55.75 4.01 14 
EAF1 NuA4 HAT 58.15 4.18 14 
SPT3 SAGA Complex 238.29 18.27 13 

 



 139 

 

Figure 43. Browser views of unannotated ORFs and genes involved in transcription that are 

synthetically lethal with H3 R52A. 
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Gene browser views of (A) the YDR290W dubious ORF that overlaps the promoter and 5’ end of RTT103, 

(B) COMPASS subunit BRE2, and (C) SAGA subunit SPT8. For all panels, transposon reads are enriched 

in wild type over replicates of the mutant. 

 

I additionally sought transposon insertions that suppress, or confer better growth, on H3 

R52A mutants. Subjecting the 10% of genes with the lowest enrichment scores (wild type relative 

to mutant reads) to GO analysis returned 52 ribosome-associated genes (9.1%, p-value = 2.05e-

09) and 64 genes (11.2%, p-value = 3.94e-07) in the “structural molecule activity” category, which 

includes ribosomal proteins, mitochondrial proteins, and nuclear pore complex proteins. I have 

shown that H3 R52A causes widespread transcription deregulation, so it is possible that mutations 

to the ribosome helps the cell to compensate for altered transcript levels. 

Among the top 10% of potential suppressors are also several genes related to known 

chromatin functions, including genes encoding members of the Paf1 complex, Rad6 (the E2 for 

ubiquitylation of H2BK123), and members of the SAGA complex, among others (Table 11, Figure 

44). Interestingly, SAGA subunits arise in both the synthetic lethal and suppressor groups. 

Synthetic lethal genes, mentioned above, are SPT3 and SPT8, which encode SAGA subunits 

thought to interact with TBP (SERMWITTAYAWONG AND TAN 2006; LAPRADE et al. 2007). 

Suppressor interactions arise from transposon insertions in SPT20, which encodes a structural core 

subunit of SAGA and related to histone acetyltransferase function (MARCUS et al. 1996; ROBERTS 

AND WINSTON 1996), and ADA2, which encodes a subunit of the HAT module (CANDAU et al. 

1997; STERNER et al. 2002; SUN et al. 2018). 
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Table 11. Genes that potentially suppress the H3 R52A mutant, as identified by higher 
transposition levels. 

Gene Complex, Function Reads WT Reads R52A Ratio 
SWD3 COMPASS, H3K4me 1.38 334.45 0.004 
BUR2 Bur1-Bur2 Kinase 1.41 72.11 0.020 

CDC73 Paf1 Complex 1.71 56.47 0.030 
HDA2 Hda1 HDAC 1 23.74 0.042 
RAD6 H2Bub 1 17.85 0.056 
SPT20 SAGA Complex 1.91 32.50 0.059 
ADA2 SAGA Complex 1 11.34 0.089 
CTR9 Paf1 Complex 13.75 143.77 0.096 

 

 

Figure 44. Genes for which mutations potentially suppress H3 R52A and lead to greater transposition 

efficiency in the mutant than the wild type. 
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Gene browser views of (A) SWD3, a subunit of COMPASS, and (B) H2Bub E2, RAD6. For all panels, 

transposon reads are enriched in mutant replicates over the wild type. 

4.4 DISCUSSION 

4.4.1  Technical Troubleshooting Will Generate More Saturated, Comprehensive Libraries 

in Future Studies 

This study piloted the use of a technique to generate saturated transposon insertions of the yeast 

genome in either an environmental context or in the presence of a mutation of choice (MICHEL et 

al. 2017). Our initial attempt at this screen was successful in preliminarily identifying potential 

genetic interactors with the DNA entry-exit site, but verification of these relationships requires 

further, directed study. Some of the shortcomings of the current data lie in the relatively small 

transposon library we generated in comparison to recommendations from the published protocol, 

being approximately 2-fold less saturated at 9x105 (H3 R52A) and 1.3x106 (wild type) clones 

compared to 2x106 clones. Due to the poor transposition efficiency related to strain background 

differences, the additional plasmid in our query strains, and perhaps the health of the H3 R52A 

mutant, generation of larger libraries would require scaling up and increasing original plating 

number. 

It may be possible to optimize this protocol for future use through construction of an 

integration vector for the SATAY system into the query strain of choice, thus eliminating 

dependence on copy number of pBK549 for coverage of other portions of the yeast genome. 

Additionally, where possible, use of query strains whose genetic manipulation of interest (a 



 143 

mutation, deletion, or overexpression) is integrated into the yeast genome as opposed to plasmid-

borne eliminates the need for any plasmids in the strain of choice, driving all transposition events 

toward genomic regions. On top of this, it may benefit future screening attempts to switch strain 

backgrounds to BY4741, into which Dr. Margaret Shirra plans to attempt integrating the H3 R52A 

mutant. H3 R52A remains a unique case where integration of such a mutation into the yeast 

genome, even at both copies of the H3-H4 histone loci, may be lethal to the cells. Further work 

will be required to determine if a viable strain can be generated. 

4.4.2  Preliminary Evidence for Positive and Negative Genetic Interactors with the DNA 

Entry-Exit Site 

So far, our results demonstrate that some dubious ORFs (unannotated genes) that overlap 

known, transcription related genes, may be synthetically lethal with H3 R52A. Perhaps most 

interesting from this list is YDR290W, which overlaps termination-related gene RTT103. Rtt103, 

which binds Ser2 phosphorylated Pol II CTD, recruits Rat1/Rai1 for Pol II termination (KIM et al. 

2004). Where termination readthrough is already observed, a mutation such as rtt103∆ that impairs 

Rat1/Rai1 recruitment, and likely causes delayed transcription termination, seems a logical 

mechanism to exacerbate termination defects to the point of lethality. Relatedly, loss of CTK3, a 

member of the CTDK-1 complex that phosphorylates Ser2 on the CTD of Pol II, is synthetically 

lethal with H3 R52A. It is possible that this interaction is related to the interaction between the 

DNA entry-exit site and Rtt103, where reduction of Ser2P CTD may reduce recruitment of later 

termination factors that “fail-safe” faulty NNS-dependent termination (RONDON et al. 2009; COLIN 

et al. 2014; ROY et al. 2016). 
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Components of histone modification complexes COMPASS, NuA4, and SAGA may also 

be synthetically lethal with H3 R52A as indicated by our preliminary SATAY results. 

Interestingly, transposition within SWD3, another member of COMPASS, may enhance growth of 

the mutant. Set1 and its methylation of H3K4 have previously been described as requirements for 

termination by the NNS pathway (TERZI et al. 2011). This work showed synthetic growth defects 

and exacerbated termination defects in strains harboring a Nrd1 mutation alongside a SET1 

deletion or with the unmodifiable H3K4R allele. The Paf1 complex also has subunits in the 

synthetic lethal and suppressor categories. Earlier studies by the Arndt lab have linked the role of 

the Paf1 complex in H2BK123ub to NNS-dependent termination, which is a prerequisite for 

placement of H3K4me (SHELDON et al. 2005; TOMSON et al. 2011; TOMSON et al. 2013). While 

it’s not entirely clear why members of these cotranscriptional histone modification complexes are 

divided between two starkly different genetic categories with respect to the H3 R52A mutant, their 

presence further supports a dependence on modulation of histone modification for early 

termination by the NNS complex. Future work will be needed to confirm these genetic interactions. 

Our preliminary data suggest histone acetylation complexes likewise genetically interact 

positively and negatively with the DNA entry-exit site. NuA4 catalyzes acetylation of H4 and 

H2A.Z (KEOGH et al. 2006) to regulate cellular events such as transcription (DOYON AND COTE 

2004), chromosome segregation (KROGAN et al. 2004), and DNA repair (DOYON AND COTE 2004; 

SQUATRITO et al. 2006). The Tip60 complex in humans, homologous to the yeast NuA4 complex, 

also has non-histone targets (SAPOUNTZI et al. 2006), suggesting that the same may be true of yeast 

though such a role has not yet been described. More recent studies have shown that EAF1, which 

falls into the category of synthetically lethal with H3 R52A, is required for NuA4 complex integrity 

(MITCHELL et al. 2008). Its mutation here presumably reduces NuA4 function, which suggests that 
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loss of regulation of nucleosome accessibility through critical acetylation marks is detrimental to 

cells with a defective nucleosome DNA entry-exit site, likely rendering nucleosomes constitutively 

more accessible. 

The requirement for a balance of nucleosome accessibility is supported by histone 

acetyltransferase complex mutations potentially suppressing H3 R52A growth phenotypes, as with 

components of the SAGA complex and Hda2, a subunit of the Hda1/2/3 histone deacetylase 

complex. Past work on the interplay between sense and antisense transcription, and regulators of 

that process, showed that the Hda1/2/3 complex deacetylates nucleosomes at the NDR and 5’ end 

of genes to silence sense transcription and allow for antisense transcription to occur (CAMBLONG 

et al. 2007; CASTELNUOVO et al. 2014). In a genetic background where we have observed 

widespread antisense transcription (Chapter 3), the genetic interaction between H3 R52A and 

mutation of HDA2 proposes a mechanism where relief of this sense transcription repression 

through loss of the Hda1/2/3 complex balances the upregulation of antisense transcription in a 

nucleosome deficient DNA entry-exit site mutant. 

Together, initial findings of our pilot SATAY screen suggest that multiple factors known 

to be involved in other stages of transcription may influence termination in a way that requires the 

DNA entry-exit site of the nucleosome. Future work on these known and unknown factors alike 

will provide not only more in-depth mechanistic insight into the role of the entry-exit site for 

transcription termination, but, excitingly, may also result in a preliminary understanding of the 

functions of unannotated yeast genes. 
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5.0 CONCLUSIONS AND FUTURE DIRECTIONS 

Setting out, the goal of my project was to identify how the nucleosome, a major regulator of DNA-

templated processes, contributes to transcription termination. Several previous studies hinted that 

the nucleosome is an important player in this process, as in other stages of transcription, but a 

mechanism for its role had not yet been defined (ALEN et al. 2002; TERZI et al. 2011; TOMSON et 

al. 2011; TOMSON et al. 2013; ROY et al. 2016). In light of this, I sought to approach investigating 

roles for the nucleosome in this important stage of transcription by querying the requirement for 

particular nucleosomal surfaces that might bind specific chromatin or transcription factors 

involved in termination. My work in the Arndt lab began as a comprehensive screen for histone 

H3 and H4 mutations that cause termination defects. From that initial screen, we have learned 

much more about one particular surface of the nucleosome, the DNA entry-exit site, and how it 

functions to regulate nucleosome accessibility for processes like transcription termination. 

5.1 THE DNA ENTRY-EXIT SITE OF THE NUCLEOSOME IS REQUIRED FOR 

TRANSCRIPTION TERMINATION GENOME-WIDE 

To investigate the requirement for specific histone residues in transcription termination, I 

performed a genetic screen using an alanine-scanning histone mutant plasmid library (NAKANISHI 

et al. 2008) and a published termination reporter (CARROLL et al. 2004) (Figure 11). Truly the 

most profound, encouraging result from this screen was that alanine-substituted residues scoring 

as termination-defective mutants concentrated primarily to a single surface: the DNA entry-exit 
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site. The DNA entry-exit site, while not explicitly linked to transcription termination in previous 

literature, is richly published for its role as a regulator of nucleosome accessibility. The entry-exit 

site possesses the innate ability to mediate DNA breathing, where DNA near the nucleosome ends 

peels away from histones to allow transient accessibility without dissociating the nucleosome 

completely (POLACH AND WIDOM 1995). Complementary to its role in DNA breathing, this region 

of the nucleosome is known to facilitate gating of this transient DNA accessibility, for instance via 

binding non-core histone H1, especially important in higher eukaryotes for stabilizing higher-order 

chromatin structure (FRADO et al. 1983). 

Later studies have suggested DNA breathing as an important vantage point for chromatin 

modifiers such as remodelers, histone chaperones, and histone modifiers, that may capture 

nucleosomes in their breathed state as a preliminary means of nucleosomal access (LI AND WIDOM 

2004; LI et al. 2005). Recent work has described this surface of the nucleosome as a potential 

binding site for H3K36 histone methyltransferase Set2 (DU AND BRIGGS 2010; ENDO et al. 2012). 

Rtt109, a histone acetyltransferase required for genome stability and replication-coupled 

nucleosome synthesis, has also been demonstrated by X-ray crystallography to work with histone 

chaperone Asf1 to unwind the H3 αN helix to bind the nucleosome surface and acetylate H3 K56 

(ZHANG et al. 2018). In addition to Asf1, the histone chaperone FACT is suspected to use the DNA 

entry-exit site’s accessibility to invade the nucleosome to reach its target H2A-H2B dimers 

(HONDELE et al. 2013). 

It is not unreasonable to think that these findings extend to transcription termination, where 

increased accessibility of the nucleosome through mutation of the DNA entry-exit site may 

eliminate an important barrier to the elongating polymerase. Genome-wide analysis by steady-

state RNA-seq and nascent 4tU-seq suggest that the termination readthrough phenotype of select 
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DNA entry-exit site mutants, H3 T45A and R52A, is global (Figures 24-27). In light of this, I 

hypothesized that the general functions of the DNA entry-exit site, to mediate nucleosome 

accessibility and to interact with specific chromatin factors, might contribute to its role in 

transcription termination and set out to address more mechanistically its involvement in this 

process. 

5.2 SET2-MEDIATED H3K36ME3 REQUIRES RESIDUES WITHIN THE DNA ENTRY-

EXIT SITE 

Substitution of H3 T45, R49, or R52 for alanine results in reduced Set2 occupancy on chromatin 

by ChIP-qPCR (ENDO et al. 2012). Because of this and the loss of H3K36me3 in some DNA entry-

exit site mutants, this surface of the nucleosome has been described as a critical interaction partner 

for Set2, the histone methyltransferase responsible for catalyzing this mark (DU AND BRIGGS 2010; 

ENDO et al. 2012). Set2-mediated H3 K36 trimethylation is required for transcriptional fidelity, 

especially in preventing cryptic initiation from intragenic promoters (CARROZZA et al. 2005; JOSHI 

AND STRUHL 2005; KEOGH et al. 2005). In agreement with previous evidence that perturbations to 

the DNA entry-exit site cause reduced H3K36me3 (DU AND BRIGGS 2010; ENDO et al. 2012) and 

that this post-translational histone modification is required for transcription termination (TOMSON 

et al. 2013), I showed that several termination-defective mutants indeed have reduced ability to 

place this mark. Interestingly, the two strongest termination mutants, H3 T45A and R52A, differ 

significantly in their abilities to support H3K36me3, suggesting that this modification alone does 

not fully explain the roles of all residues in the DNA entry-exit site in transcription termination. 
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In H3 T45A, R49A, and R52A-expressing strains, where Set2 occupancy is reduced on 

chromatin, overexpression of SET2 in mutant strains does not increase K36me3 (Figure 30). 

Overexpression of SET2 in a wild type strain likewise fails to increase trimethylation at H3 K36. 

Further, this does not suppress the termination defects or cryptic initiation defects observed in 

these mutants to a significant degree. These results may suggest that mutation of the DNA entry-

exit site prohibits recruitment of Set2 to the nucleosome, that these residues are normally required 

for catalysis of trimethylation on H3 K36, or that these mutations have affected another 

requirement for H3K36me3. Spt6, a histone chaperone involved in maintaining chromatin 

organization during active transcription, is required for Set2 activity (YOUDELL et al. 2008; 

LICKWAR et al. 2009; DRONAMRAJU et al. 2018b). In previous work, SET2 overexpression was 

unable to restore trimethylation of H3 K36 in an spt6-1004 mutant that seems to lose its interaction 

with the nucleosome (YOUDELL et al. 2008).  

The strongest transcription termination mutant to also have an H3K36me3 defect is H3 

R52A. Considering this relationship, I investigated via genetic interaction whether H3 K36 and 

R52 function in similar pathways with the help of Julia Seraly. Intriguingly, histone H3 with 

alanine substitutions at both residues is lethal to the cell (Figure 31A). This synthetic lethality 

could conceivably be the result of a nucleosome that is too permissive to support viability, perhaps 

allowing for toxic levels of spurious transcription, suggesting that K36 and R52 function through 

related, but distinct, pathways. 
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5.3 MUTATIONS TO THE DNA ENTRY-EXIT SITE CAUSE DECREASED 

NUCLEOSOME OCCUPANCY AND ALTERED POSITIONING 

In vivo studies on transcriptional regulation of the well-characterized SRG1-SER3 locus show that 

histone amino acid substitutions at the DNA entry-exit site loosen nucleosome barriers against 

inappropriate ncRNA expression (HAINER AND MARTENS 2011a). The identification of histone 

mutations that disrupt the the DNA entry-exit site in a screen for transcription termination defects 

is consistent with such an idea: if stable nucleosomes are required near the 3’ ends of genes to 

physically halt the polymerase for efficient termination, then loosening this chromatin barrier 

should allow RNA polymerase II to bypass canonical termination sites, leading to readthrough. 

Consistent with the hypothesis that alanine-substituted residues in the DNA entry-exit site results 

in partially destabilized nucleosomes, the termination mutants identified here display phenotypes 

that are characteristic of disrupted chromatin structure (Figures 17-21). 

I further explored this possibility by comparing MNase-seq patterns of wild type and H3 

R52A strains. In the entry-exit site mutant, nucleosome occupancy is reduced and nucleosome 

positioning changes globally. This positioning change consists of nucleosomes shifting away from 

5’ NDRs and more 3’ nucleosomes becoming fuzzier, or less well positioned, in the H3 R52A 

mutant compared to wild type (Figures 33, 34). Nucleosome profiles of the spt6-1004 mutant 

(DORIS et al. 2018), which also exhibits loss of H3K36me3, increased cryptic initiation, and 

reduced nucleosome reassembly (CHEUNG et al. 2008), share very similar characteristics, 

including a loss in nucleosome occupancy, a shift away from 5’ NDRs, and increased fuzziness 

toward the 3’ end of genes. This could suggest that Spt6 mediates the involvement of the DNA 

entry-exit site in its global functions, but such a hypothesis requires further investigation. 
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The altered chromatin landscape of the H3 R52A mutant is also apparent in my Pol II ChIP-

seq data (Figure 36). In a wild type strain, Pol II occupancy across a gene is associated with high, 

nucleosome-like periodicity. This suggests that wild type nucleosomes act as the appropriate 

barrier to the progression of Pol II, and that the polymerase is likely seen briefly pausing between 

nucleosomes prior to their partial disassembly. This periodicity is diminished in the H3 R52A 

mutant (reduced peak height in the metagene plot and reduced sharpness of nucleosome-like 

banding in the heatmap), suggesting that Pol II does not accumulate around nucleosomes as in 

wild type. This seems to demonstrate the relationship between the weakened nucleosome in a DNA 

entry-exit site mutant and relief of a stringent barrier against Pol II progression, allowing its 

relatively unperturbed progression. 

Relatedly, the NNS-dependent termination pathway relies on the kinetic relationship 

between the RNA-DNA helicase, Sen1, and elongating RNA polymerase II for termination of 

transcription in the appropriate termination window (HAZELBAKER et al. 2013). These findings 

closely couple transcription elongation rate to termination efficiency. If impairing the DNA entry-

exit site reduces nucleosome stability, it is a reasonable assumption that the polymerase may 

elongate faster in these mutant strains, thus contributing to terminator readthrough. I tested 

transcription rate in the H3 T45A and H3 R52A mutants by a well-characterized, ChIP-based assay 

(MASON AND STRUHL 2003), but the results of this assay suggest that the elongation rates in H3 

T45A and R52A mutants are in fact somewhat slower than wild type yeast cells. Interestingly, this 

is in contrast to Pol II ChIP (not shown) and Pol II ChIP-seq (Figures 36, 37) that may suggest 

increased Pol II kinetics in the H3 R52A strain. Further work will be necessary to uncover the 

inconsistencies in these findings. 
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5.4 INCREASING NUCLEOSOME OCCUPANCY SUPPRESSES TERMINATION 

DEFECTS AT A SNORNA GENE 

To directly test whether nucleosomes are specifically required for acting as roadblocks to RNA 

polymerase II to promote efficient termination, I integrated a superbinder sequence downstream 

of SNR48. This sequence has previously been successful in increasing histone occupancy in a site-

directed manner (WANG et al. 2011; HAINER et al. 2015), driving formation of a highly stable 

nucleosome. Integration of this sequence at SNR48 successfully increases histone occupancy by 

about 2.5-fold in wild type and H3 R52A strains and effectively suppresses terminator readthrough 

at this locus in both strains (Figure 39). This, along with my Pol II ChIP-seq data, supports the 

hypothesis that a stable nucleosome is a sufficient barrier to Pol II progression that perhaps drives 

the Pol II pause necessary for termination factors to perform their respective activities. 

In the future, it would be beneficial to test this idea at other loci. I have designed an 

integration scheme to insert the superbinder sequence downstream of the SNR47 gene as well, 

where loss of a specific nucleosome in the H3 R52A mutant, compared to wild type, is not 

apparent. If the same pattern of increased histone occupancy coupled to reduced termination 

readthrough is observed, this may suggest that increasing nucleosome stability, regardless of 

genomic location, can contribute to halting transcription. If a nucleosome in this position is unable 

to suppress the termination defect at SNR47, it is possible that the DNA entry-exit site has multiple 

roles in regulating transcription termination and that these roles may be applied in a locus-specific 

manner rather than globally. 
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5.5 CHROMATIN FACTORS MAY GENETICALLY INTERACT WITH THE DNA 

ENTRY-EXIT SITE TO SUPPORT ITS FUNCTION IN TRANSCRIPTION 

Preliminary results from our SATAY screen suggests that known transcription- and chromatin-

related genes may participate in pathways related to DNA entry-exit site function. While this 

screen bears repeating with a larger transposon library and deeper sequencing, our current data 

hints at genetic relationships between the DNA entry-exit site and known termination factors, 

histone modifiers, transcription elongation factors, and Pol II CTD kinases. These findings suggest 

that the DNA entry-exit site, while sufficient to mediate DNA breathing, does not act in isolation. 

Other factors involved in all three stages of transcription may influence termination in a way that 

requires the DNA entry-exit site of the nucleosome. Replication of the SATAY results and further 

analysis will allow for more in-depth mechanistic insight into the role of the entry-exit site for 

transcription termination. 

5.6 CONCLUDING REMARKS 

Studies discussed here and in the cited literature reveal the DNA entry-exit site of the nucleosome 

as a major player in when, where, and how factors gain access to the nucleosome. Intact, it is an 

efficient gatekeeper for processes that require DNA contact, including DNA replication, repair, 

recombination, and transcription. How the entry-exit site coordinates all of these delicate processes 

requires further intensive study, but it is tempting to speculate, due to the charge composition of 

this site, that post-translational modification of entry-exit site residues will continue to emerge as 

a theme for modulating open and closed states. Further, whether trans-acting factors specifically 
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interact with modified or unmodified entry-exit site residues to mediate these processes requires 

more investigation. It will be exciting to see how genetic, biochemical, and structural work builds 

upon our current knowledge, and advances our understanding of this critical nucleosomal surface 

in years to come. 
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APPENDIX A  

Contents of this Appendix are adapted with permission under the terms of the Creative Commons 

CC BY license from (CUCINOTTA et al. 2019). The sections of the article regarding MNase 

sequencing – for which I generated samples, analyzed sequencing data, and wrote the methods and 

results – are included here. I have supplied an independent, abbreviated introduction section. 

A.1 BRIEF INTRODUCTION 

Nucleosomes serve two major roles in eukaryotic cells – they package DNA into the nucleus and 

also act as regulators of DNA-templated processes like replication, repair, recombination, and 

transcription. Interaction of a primarily basic histone protein surface with the negatively charged 

DNA phosphate backbone is a major stabilizer of the nucleosome’s structure. However, the histone 

core assembles in such a manner that forms a surface exposed patch of acidic residues primarily 

in H2A and H2B. In recent years, this acidic patch has been described as a critical regulatory 

surface for many factors that interact with the nucleosome, including the LANA peptide of 

Kaposi’s sarcoma virus (BARBERA et al. 2006), the deubiquitylation module of SAGA (MORGAN 

et al. 2016), and the ubiquitylation modules of RNF168 and PRC1 (LEUNG et al. 2014; MATTIROLI 

et al. 2014; MCGINTY et al. 2014), among others. The acidic patch has also been shown to facilitate 

higher-order chromatin condensation through interaction with the H4 tails of adjacent nucleosomes 

(KALASHNIKOVA et al. 2013). All of these interactions contribute to modification of the 

nucleosome for specific nuclear processes required for cellular function. 
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Recently, work from our lab and the Kohler lab has described important roles for the 

nucleosome acidic patch in ubiquitylation and deubiquitylation of H2B at lysine 123 (H2Bub) in 

yeast (CUCINOTTA et al. 2015; GALLEGO et al. 2016). Monoubiquitylation of H2B at this residue 

is catalyzed by the E2-E3 complex Rad6-Bre1 (ROBZYK et al. 2000; SUN AND ALLIS 2002; WOOD 

et al. 2003a) and requires a functional Paf1 complex (Paf1C) for its placement (NG et al. 2003a; 

WOOD et al. 2003b). H2Bub is a cotranscriptional histone modification (FUCHS et al. 2014) thought 

to enhance processivity of RNA polymerase II through its roles in stimulating the activities of 

other elongation factors, like histone chaperone FACT (PAVRI et al. 2006), in supporting 

downstream transcription-coupled modifications such as H3K4me and H3K79me (DOVER et al. 

2002; SUN AND ALLIS 2002), and in regulation of appropriate nucleosome organization at 

promoters and over gene bodies (BATTA et al. 2011). Led by findings discussed in the manuscript 

not addressed in detail here, including the discovery of direct interactions between the acidic patch 

and the Paf1 complex and FACT, both known factors in chromatin reorganization during 

transcription, we sought to better understand the genome-wide chromatin landscape of an acidic 

patch mutant (H2A E57A) via MNase-sequencing.  
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A.2 MATERIALS AND METHODS 

Mononucleosomes were prepared essentially as described in (WAL AND PUGH 2012). Briefly, 

biological duplicates of wild type and H2A E57A mutant cells were grown in appropriate SC 

medium to an OD600 of 0.8 and crosslinked with formaldehyde at a final concentration of 1%. 100 

mL of cells were pelleted, resuspended in FA buffer (50 mM HEPES-KOH, pH 8.0, 150 mM 

NaCl, 2.0 mM EDTA, 1.0% Triton X-100, 0.1% sodium deoxycholate), and lysed by bead beating. 

Following centrifugation, the chromatin-containing pellet was resuspended in NP-S buffer (0.5 

mM spermidine, 0.075% IGEPAL, 50 mM NaCl, 10 mM Tris-Cl, pH 7.5, 5 mM MgCl2, 1 mM 

CaCl2), and then subjected to digestion by MNase (Thermo Scientific 88216) (Figure 45). 

Mononucleosomal DNA was purified from treatments with 2.5 (low), 20 (mid), and 40 (high) U 

MNase digestions using agarose gel electrophoresis and Freeze N’ Squeeze Columns (BioRad 

7326166). A fixed amount of MNase-digested, gel purified Kluyveromyces lactis DNA was added 

to each sample for spike-in normalization to assess occupancy changes using a method described 

in (HU et al. 2014). Sequencing libraries were prepared using the NEBNext Ultra II kit (NEB 

E7645) and NEBNext Ultra sequencing indexes (NEB E7335) according to manufacturer’s 

instructions. Libraries were quantified using Qubit and TapeStation and pooled for paired-end 

sequencing on an Illumina NextSeq 500 (UPMC Children’s Hospital, Health Sciences Sequencing 

Core). Sequencing reads were aligned with HISAT2 (KIM et al. 2015; PERTEA et al. 2016) to the 

sacCer3 reference genome (LANGMEAD AND SALZBERG 2012) and low quality reads were filtered 

using the SAMtools suite (LI et al. 2009). Reads from biological duplicate samples were merged 

for downstream analysis. Reproducibility of the MNase-seq data for the two biological replicates, 

both wild type and H2A E57A, is demonstrated through heatmaps, biplots, and a Pearson 

correlation plot in Figure 45B-D. Nucleosome positioning was analyzed genome-wide relative to 
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published +1 nucleosome dyad positions (ZHANG et al. 2011) using the MNase option in the 

deepTools2 suite (RAMIREZ et al. 2014). Counts represent tag centers (3 bp) of uniquely mapped 

fragments 135 – 160 bp in length, counted in 1 bp windows and averaged over 50 bp. Heatmaps 

and metagene plots were generated using deepTools2 (RAMIREZ et al. 2014). Genome browser 

images were generated in Integrative Genomics Viewer (IGV 2.4.13) (ROBINSON et al. 2011; 

THORVALDSDOTTIR et al. 2013). Data presented here are lowly digested samples (2.5 U) to 

preserve and most accurately represent steady-state chromatin architecture. 

In the course of this analysis, a duplication of chromosome VIII was detected in the H2A 

E57A MNase-seq datasets. Using whole genome sequencing, we independently verified the 

disomy of chrVIII in this strain and screened additional H2A E57A strains, generated by plasmid 

shuffle, for aneuploidies. In this way, we identified a strain with normal chromosome composition 

and subjected it, along with the original H2A E57A strain, to H3 ChIP-seq analysis. A comparision 

of the H3 ChIP-seq datasets between the disomic and non-disomic H2A E57A strains confirmed 

that chromatin architecture phenotypes were the same. We are, therefore, confident in our MNase-

seq datasets. We removed chromosome VIII reads from MNase-seq analysis of both wild type and 

H2A E57A datasets to reduce any artifacts related to overrepresentation of chromosome VIII 

nucleosomes in meta-analyses. 
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A.3 RESULTS AND DISCUSSION 

We have shown that the nucleosome acidic patch directly interacts with subunits of two 

transcription elongation factors, Paf1C and FACT, that regulate nucleosome occupancy and 

modification. Led by these findings, we set out to address whether mutations to the acidic patch 

alter nucleosome positions and occupancy genome-wide using MNase-seq analysis of a strain in 

which the only copy of H2A is the viable, H2BK123ub-defective E57A allele (CUCINOTTA et al. 

2015). The spike-in normalized MNase-seq data revealed a general reduction in nucleosome 

occupancy in the H2A E57A mutant at all genes (Figure 46A-C) and a shift of nucleosomes toward 

the 5’ nucleosome-depleted region (NDR) in the H2A E57A mutant (Figure 46B). Over gene 

bodies, this 5’-shift in nucleosome position in the mutant relative to wild type increases from a 

modest 3 base pair shift, on average, at the +1 nucleosome to a more dramatic 12 base pair shift at 

the +4 nucleosome when all genes are considered.  

Due to the dynamic nature of chromatin during transcription, we asked whether this 

nucleosome shift in the H2A E57A mutant was influenced by gene expression level. Therefore, 

we partitioned our MNase-seq data according to experimentally defined expression quintiles 

(HOLSTEGE et al. 1998) and plotted read density averages in each of these subsets as metagene 

plots. In agreement with previous studies (BINTU et al. 2011; NOCETTI AND WHITEHOUSE 2016), 

nucleosome positions at the most highly expressed genes in the wild type strain were shifted in the 

5’ direction when compared to nucleosome positions at the most lowly expressed genes (Figure 

46D, compare peak positions of the solid and dotted pink lines). The extent of nucleosome shifting 

in the H2A E57A mutant was similar to that of wild type when gene expression level was 

considered (Figure 46D, compare peak positions of the solid and dotted purple lines). In addition 

to this 5’ shift in position, we also observed a general loss of positioning at more 3’ nucleosomes 
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in the mutant as evidenced by greater peak widths. For instance, at the +3 nucleosome (Figure 

46E, compare pink lines to purple), the width at half peak height is 63 base pairs on average in the 

wild type compared to 69 base pairs in the H2A E57A mutant. Increased peak width suggests 

“fuzziness” in positioning, or a pronounced inconsistency in nucleosome phasing within the 

population of mutant yeast compared to wild type. While pervasive, the changes in nucleosome 

positioning, as measured by 5’ shift or peak width, observed in the H2A E57A were not strongly 

correlated with gene expression level (Figure 46E). 

H2B ubiquitylation levels generally correspond with transcription levels and nucleosome 

occupancy, and the acidic patch promotes H2Bub (XIAO et al. 2005; TANNY et al. 2007; BATTA et 

al. 2011; CUCINOTTA et al. 2015; GALLEGO et al. 2016). Therefore, we asked whether changes in 

chromatin architecture relate to the reduced levels of ubiquitylation in the H2A E57A mutant. We 

subset our MNase-seq data based on our published H2Bub ChIP-exo data (VAN OSS et al. 2016) 

and found that nucleosome positions at highly ubiquitylated genes mirror the 5’ shift of highly 

expressed genes, consistent with the relationship between H2Bub and gene expression (Figure 

46F) (MINSKY et al. 2008; KIM et al. 2009; FUCHS et al. 2014). We also observed, in agreement 

with previous data (BATTA et al. 2011), that wild type nucleosomes exhibit higher occupancy over 

highly ubiquitylated genes. This difference in occupancy is diminished in the H2A E57A strain, 

likely as a result of the inability of this acidic patch mutant to promote placement of the H2Bub 

mark. 

Together, these results demonstrate that the acidic patch influences nucleosome occupancy 

and positioning on active genes through mechanisms that likely depend on its multiple interactions 

with transcription elongation factors, histone modifiers, and other chromatin-associated factors. 
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Figure 45. MNase titration of cell lysates and analysis of MNase-seq data reproducibility. 

(A) Increasing units of MNase were added to cell lysates. Bottom band shows the mononucleosome species 

that was purified and subjected to library preparation and paired-end sequencing. (B) Heatmaps of 

nucleosome positions determined in biological duplicate by MNase-seq analysis of strains expressing 

plasmid-encoded wild type H2A or H2A E57A as the only source of H2A. Sequences are aligned to the +1 

nucleosome of annotated yeast genes. (C) Biplots of MNase sequencing signal averaged over each 
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annotated yeast gene comparing biological replicates of wild type (top) or H2A E57A (bottom). R2 values 

are indicated to the right of the line of best fit. (D) Pearson correlation heat maps of MNase-seq data sets 

from all four samples. Darker color indicates higher correlation. 

 

 

Figure 46. An intact nucleosome acidic patch is required for proper nucleosome occupancy and 

positioning. 

(A) Heatmaps of nucleosome positions as determined by MNase-seq analysis of strains expressing plasmid-

encoded wild type H2A or H2A E57A as the only source of H2A. Sequences are aligned to the +1 

nucleosome of ORFs (ZHANG et al. 2011). Heatmaps represent averages of two biological replicates. (B) 

Metaplot of nucleosome positions at all genes in the indicated strains. (C) Spike-in normalized MNase-seq 

reads at two individual genes. (D) Comparison of nucleosome positions in WT and H2A E57A strains at 
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lowly expressed and highly expressed genes (bottom 20% and top 20%) (HOLSTEGE et al. 1998). (E) 

Comparison of peak widths at ½ peak height in WT and the H2A E57A mutant. Greater peak width suggests 

poorer nucleosome positioning on average across genes. (F) Comparison of nucleosome positions at genes 

with high and low levels of H2Bub (bottom and top quintiles) (VAN OSS et al. 2016). 
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