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INSIGHTS INTO THE ROLE OF THE PAF1 COMPLEX IN PROMOTING H2B
MONOUBIQUITYLATION
S. Branden Van Oss, PhD

University of Pittsburgh, 2017

The polymerase-associated factor 1 complex (Paf1C) regulates RNA polymerase II transcription
and is required for the monoubiquitylation of histone H2B (H2Bub), a conserved epigenetic
modification with broad implications for the regulation of gene expression and human health.
This dissertation explores the molecular mechanisms by which Paf1C acts to promote H2Bub.

Paf1C regulation of H2Bub is governed largely by the histone modification domain (HMD) of
the Rtf1 subunit, which promotes H2Bub even in the absence of all Paf1C subunits and interacts
directly with the enzyme that catalyzes H2Bub. The role of the HMD in stimulating H2Bub is
direct, and at least partially independent of transcription. My work is part of a collaborative
effort to investigate the activity of the HMD through structural, genetic, bioinformatic, and
biochemical approaches. As the influence of H2Bub on human health continues to become more

clear, interest in this modification will likely continue to expand.

v



TABLE OF CONTENTS

TABLE OF CONTENTS \%
LIST OF TABLES X
LIST OF FIGURES XI
1.0 INTRODUCTION 1

1.1 EUKARYOTIC TRANSCRIPTION BY RNA POLYMERASE 1II IS

EXTENSIVELY REGULATED AT EACH STAGE 2
1.1.1 Initiation 2
1.1.2 Elongation 3
1.1.3 Termination 5

12 THE PAF1 COMPLEX IS A CONSERVED, MULTIFUNCTIONAL

REGULATOR OF RNA POLYMERASE II TRANSCRIPTION 7

1.2.1 PaflC is targeted to chromatin by interactions with the Pol II elongation

machinery and promoter-associated transcription factors 9
1.2.2 PaflC regulates gene expression through diverse mechanisms. .............. 13
1.2.3 PaflC has connections to development and human disease .......cc.ccceeuuee. 18

1.3 H2B MONOUBIQUITYLATION GOVERNS CHROMATIN STRUCTURE
AND REGULATES GENE EXPRESSION AND COTRANSCRIPTIONAL

PROCESSES ...couuiirninnnnensnennnsannssessanssessaessasssssssenns 20




14 CROSSTALK BETWEEN H2B MONOUBIQUITYLATION AND OTHER

CHROMATIN MODIFICATIONS ...cccccevurvueesuecnecancenees 22

15 H2B MONOUBIQUITYLATION IS A DYNAMIC MODIFICATION

REGULATED BY MANY FACTORS 24
1.5.1 The Rad6 and Brel enzymes specifically monoubiquitylate H2B ........... 24
1.5.2 Regulation of H2Bub by the nucleosome 25
1.5.3 Regulation of H2Bub by deubiquitylating enzymes 26
1.54 Regulation of H2Bub by transcription elongation factors.........ccceeeeresennee 27

1.6 THE PAF1 COMPLEX IS REQUIRED FOR H2B MONOUBIQUITYLATION

28

1.7 RELEVANCE OF H2B MONOUBIQUITYLATION IN HUMAN

DEVELOPMENT AND DISEASE 29

2.0 THE PAF1 COMPLEX REGULATES GLOBAL H2B MONOUBIQUITYLATION

IN SACCHAROMYCES CEREVISIAE 31
2.1 INTRODUCTION 31

2.2 MATERIALS AND METHODS 33
2.2.1 Plasmid construction 33

2.2.2 Protein purification 33

2.2.3 Western blot analysis 35

2.24 Silver staining 36

2.2.5 Serial dilution assays 37

2.2.6 Coimmunoprecipitation analysis 37

2.2.7 Mass spectrometry 39

vi



2.2.8 Invitro crosslinking with recombinant proteins 39

229 Far western analysis 40
23 RESULTS 44
23.1 Pafl, Ctr9, and Rtfl regulate H2B K123ub 44
2.3.2 Genetic analysis of the Rtf1 HMD 49

2.3.3 A minimal HMD fragment promotes H2B K123ub in the absence of all

Paf1C members 59
2.3.4 The HMD stimulates H2Bub on chromatin 62
2.3.5 Identification of HMD-associated proteins 64

2.3.6 Rtfl directly interacts with the ubiquitin conjugase Rad6 through the

HMD 71
2.3.7 Attempts to detect the HMD-Rad6 interaction by alternative methods.. 72

24 DISCUSSION 78

3.0 BIOCHEMICAL ANALYSIS OF RTF1 HISTONE MODIFICATION DOMAIN-

MEDIATED H2B MONOUBIQUITYLATION ......ccccceeeesurcecsuncnnens 82
3.1 INTRODUCTION 82

3.2 MATERIALS AND METHODS 85
3.2.1 Yeast strains and plasmids used 85

3.2.2 Protein purification 85

3.2.3 Western blot analysis 87

3.24 Invitro H2Bub assay 88

3.2.5 Electrophoretic mobility shift assay 88

3.3 RESULTS 91

vil



3.3.1

3.3.2

333

334

34 DISCUSSION ..ucoviiensrensancsnnssecssessasssessasssasssssssessasssces

4.0 CONCLUSIONS AND FUTURE DIRECTIONS

The Rtf1 HMD stimulates Brel-dependent H2Bub in a minimal irn vitro

system

Analysis of a Rad6 N-terminal deletion mutant

91

93

Analysis of an HMD74.139-Rad6AC fusion protein

95

An HMD-containing Rtf1 fragment binds DNA

4.1 IS HMD STIMULATION OF RAD6 SPECIFIC OR GENERAL?.........ccecec..

4.2 DOES DNA BINDING BY THE HMD PROMOTE H2BUB?

100

103

107

107

109

43 WHAT IS THE ROLE OF PAF1C, TRANSCRIPTION, AND OTHER

CELLULAR FACTORS IN HMD-DEPENDENT H2BUB?

44 APPLICATIONS OF THIS WORK TO HUMAN HEALTH

111

114

APPENDIX A : CONSTRUCTION OF A TRANSCRIPTION-COUPLED IN VITRO

UBIQUITYLATION SYSTEM
A1 INTRODUCTION

A.2 MATERIALS AND METHODS

A2l

A2.2

A23

A24

A25

A2.6

A3 APPLICATIONS OF THIS SYSTEM

Plasmids used

Purification of template

Purification of His-Nap1 and histones

Purification of H2A-H2B dimers and H3-H4 tetramers

Nucleosome reconstitutions

Gel purification of labeled nucleosomes

viil

116

116

116

117

118

119

123

125

127

130



BIBLIOGRAPHY ...uccuiinuiiniinesnensaccsnnsancsanssasssessacssasssscsaenns 132

X



LIST OF TABLES

Table 1. Saccharomyces cerevisiae strains used in Chapter 2 ..........ccoeveeeiierieeiiienieeieenie s 41
Table 2. Plasmids used in Chapter 2 ........ccceecuieiiiiiiieiiieeiieiie ettt steesaeesbeessaeenseens 43
Table 3. Proteins associated With HIMDD§3.152 171 VEVO. ...uuueneeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeees 65
Table 4: RNAse treatment reduces association of proteins with HMDg3.152....ceecvieriiieieenirennnnnn. 66
Table 5. Plasmids used in Chapter 3 ........ccoeciieiiiiiiieiieiieeiteeee ettt et ssee s ens 90



LIST OF FIGURES

Figure 1: Eukaryotic transcription is a dynamic, highly regulated process. ........c.ccccevverriennnnne. 6
Figure 2: Paf1C regulates numerous cotranscriptional ProCesses. .........ocerververruerieneeriereenennens 8
Figure 3: Paf1C recruitment to ORFs in budding yeast vs. metazoa ..........ccccceveevveecreenneeeneenen. 12
Figure 4: Paf1C regulates promoter-proximal pausing in higher eukaryotes............c..cccoeeveeneen. 16
Figure 5: Ctr9, Pafl, and Rtf1 regulate global H2B ubiquitylation in S. cerevisiae. .................. 46

Figure 6: Ctr9 residues 871-974 are required for normal H2B ubiquitylation and resistance to
CATTRINE. ..ottt ettt sttt ettt ettt 47
Figure 7: Multiple sequence alignment of Rtfl orthologs reveals highly conserved residues
WiIthin the HMD . ...ocooiiiii et 51
Figure 8: Identification of HMD residues required for H2B K123ub.......cccccooveviniiniininniennne 53
Figure 9: H2Bub defects in HMD mutants are correlated to defects in H3 K4 and H3 K79Me. 55

Figure 10: HMD residues required for normal H2Bub are also required for silencing of a

tELOMETIC TEPOTLET ZEIIC. . ..eiuiieniieeiiieiie et eite et et e et et e e bt e e tbe e bt eeaaeeteesnbeenseesnbeeseesnseenseesnseenseas 58
Figure 11: HMD function does not appear to be regulated by phosphorylation of S90. ............ 60
Figure 12: The HMD promotes H2Bub in the absence of all Paf1C subunits. ........c..ccccceuenneee. 61
Figure 13: The HMD stimulates H2Bub on chromatin. ..........c.cccoceviiniiniiiiniiniiiicccice 63
Figure 14: In vivo and bioinformatic analysis of HMD-associated proteins...........c.ccceeveeuveenee. 69
Figure 15: Many proteins copurfiy with the HMD even under native conditions ...................... 70

X1



Figure 16: The HMD directly interacts with the ubiquitin conjugase Rad®6. ............cccccceeeuneneee. 73

Figure 17: The HMD-Rad6 interaction cannot be detected by in vivo coimmunoprecipitation. 75

Figure 18: The HMD-Rad6 interaction cannot be detected by in vitro crosslinking. ................. 76
Figure 19: The HMD-Rad6 interaction cannot be detected by far western blotting. .................. 77
Figure 20: HMD74.134 stimulates Brel-dependent H2Bub...........ccccoeviiiiiiiiiiniiiinieceeeeeee, 92
Figure 21: Human HMD constructs show minimal activity with yRad6 and yBrel. ................. 94
Figure 22: A Rad6 N-terminal deletion mutant responds to HMD stimulation. .............c..c....... 96

Figure 23: An HMD74.139-Rad6AC fusion protein bypasses requirements for Rtfl residues 140-

184 and the Rad6 C-teIMINUS ......cc.eetiiiiiiieieiiesieeie ettt sttt et 98
Figure 24: Purification of HMD74.139-Rad6AC for crystallization trials. .........c.cccceeveiienieeneennen. 99
Figure 25: Images of HMD74.139-rad6AC crystal 1attices. .......cccvevieeieenieniieieeieeeeeieeeeee 100
Figure 26: HMD74.134 binds double-stranded DNA..........c.ccooviiiiiiiiiiiiieieeeeee e 102
Figure 27: Generation of a biotinylated, tailed template. ............cccoeeeviieiiencieniieiieie e 119
Figure 28: Reconstitution of yeast NUCICOSOMES .......cc.evveriiiriiriiriiiriiiieiieieeieeeesee e 129

xii



1.0 INTRODUCTION

Eukaryotic transcription occurs on a chromatin template shaped by the presence of
nucleosomes. Comprising approximately 147 base pairs of DNA complexed with an octamer of
histone proteins containing two copies each of histones H2A, H2B, H3, and H4, nucleosomes
pose a natural barrier to DNA-templated processes such as transcription. Nevertheless,
transcription of the eukaryotic genome is now understood to be pervasive, with varied and
numerous noncoding RNAs (ncRNAs) continually generated by the cell alongside the better-
studied coding transcripts (Jacquier 2009; Tisseur, et al. 2011). The function of and extensive
interplay between these many transcripts and the transcription machinery is a subject of intense
interest.

RNA polymerase II (Pol II) transcribes all eukaryotic mRNAs as well as several classes
of ncRNA, including snRNA, snoRNA, and miRNA. The Pol II transcription cycle is classically
divided into the stages of initiation, elongation, and termination. While early work focused
largely on the initiation stage, it is now clear that each of these stages is subject to extensive
regulation by a wide array of factors (Richard and Manley 2009) (Figure 1). These factors
include proteins that directly associate with Pol II to modulate its activity and proteins that alter
the chromatin landscape by moving or remodeling nucleosomes and/or by promoting
posttranslational modification of the core histone proteins. One such factor is a 5-subunit

protein complex known as the polymerase-associated factor 1 complex (Pafl1C). The primary



goal of my dissertation was to explore the molecular mechanism by which Paf1C functions to
promote a conserved histone modification with broad implications for transcriptional regulation

and human health and development.

1.1  EUKARYOTIC TRANSCRIPTION BY RNA POLYMERASE II IS

EXTENSIVELY REGULATED AT EACH STAGE

1.1.1 Initiation

The beginning of the initiation stage is characterized by the formation of a preinitiation complex
(PIC) at promoters. While the PIC is minimally composed of promoter DNA, Pol II and five
"general" (or "basal") transcription factors (TFIIB, TFIIE, TFIIF, TFID and TFIIH)
(Murakami, et al. 2015), most PICs are much larger and include chromatin remodelers and
chromatin modifying enzymes as well as various co-activators and co-repressors (Sikorski and
Buratowski 2009; Gupta, et al. 2016). The PIC can assemble in a stepwise fashion and is
stabilized by the Mediator complex, which activates Pol II and facilitates the response to a
number of additional regulatory factors (Sikorski and Buratowski 2009; Allen and Taatjes 2015;
Gupta, et al. 2016). This sequential loading of factors leads to the "melting" of double-stranded
DNA, followed by loading of the template strand onto the Pol II active site, resulting in a so-
called open complex (Liu, et al. 2013). The promoter region is generally maintained in a
nucleosome-depleted state, largely through the binding of transcription factors that recruit

various ATP-dependent chromatin remodeling enzymes (Ozonov and van Nimwegen 2013).



The transition from initiation to elongation is marked by promoter escape or clearance, in which

Pol II exchanges initiation for elongation factors and stably associates with DNA (Luse 2013).

1.1.2 Elongation

In recent years, it has become clear that the elongation stage also involves widespread
regulation. At many genes in most metazoa, the early phases of the elongation stage involve
promoter-proximal Pol II pausing approximately 20-60 nucleotides from the transcription start
site (Jonkers and Lis 2015; Scheidegger and Nechaev 2016; Sharma 2016). Passage of Pol 11
into productive elongation is largely dependent on the activity of the P-TEFb complex, whose
CDK9 subunit phosphorylates Pol II and multiple pausing factors (Jonkers and Lis 2015;
Scheidegger and Nechaev 2016). While other eukaryotes such as budding yeast lack canonical
Pol II promoter-proximal pausing, the CDK9 ortholog Burl is still required for normal levels of
Pol II phosphorylation (Bowman and Kelly 2014). Pol II may also "backtrack" during
productive elongation, leading to arrest; release from arrest is dependent on the activity of the
elongation factor TFIIS (Cheung and Cramer 2011).

Though promoter-proximal pausing in higher eukaryotes is the most intensely studied
example of Pol II pausing, the emergence of technologies such as NET-seq, which measures
levels of actively transcribing Pol II on chromatin at single nucleotide resolution, has revealed
that pausing occurs throughout gene bodies, including in organisms such as yeast and bacteria
(Mayer, et al. 2017). In budding yeast, strains lacking Dstl, the TFIIS ortholog, exhibit Pol II
enrichment at nucleosomal dyads (Churchman and Weissman 2011), confirming that
nucleosomes represent a barrier to Pol II transcription that allows an opportunity for regulation

of this stage of transcription.



A further level of transcriptional regulation is mediated by the cotranscriptional
modification of the core histone proteins. One example of many is the di- and trimethylation of
lysine 36 on histone H3. This modification acts to oppose elongation, and loss of the
methyltransferase that specifically catalyzes the mark rescues viability in strains lacking an
essential positive elongation factor (Keogh, et al. 2005; Woo, et al. 2017). Histone
modifications can exert their effect on elongation in a number of ways: by serving as platforms
for the recruitment of various factors, as is common with histone methylation (Flanagan, et al.
2005; Kim and Buratowski 2009); by disrupting contacts between histones and DNA, as has
been shown for acetylation (Orphanides and Reinberg 2000); or by governing the structure of
local and higher-order chromatin, as in the case of monoubiquitylation (see Section 1.3).

In addition to steric factors such as nucleosomes and DNA-binding factors, Pol II
pausing during elongation is dependent on particular residues within Pol II as well as DNA
sequence features and the secondary structures of nascent transcripts (Mayer, et al. 2017).
Sequences within the nascent RNA transcript can slow elongation directly, such as through the
formation of DNA-RNA hybrid structures, also known as R loops, or may promote elongation
by acting to recruit various transcription factors, including P-TEFb (Peterlin and Price 2006;
Skalska, et al. 2017). Recent evidence also suggests that Pol II elongation rates are both gene-
dependent and variable within individual genes, with consequences for the regulation of
transciption termination, mRNA splicing, and the deposition of co-transcriptional chromatin
modifications (Jonkers and Lis 2015; Alpert, et al. 2017; Fong, et al. 2017). Misregulation of
elongation is implicated in many human diseases (Sharma 2016; Mayer, et al. 2017), and

therapeutics such as histone deacetylase inhibitors are being developed for conditions such as



Alzheimer’s (Yang, et al. 2017) and cancer (Eckschlager, et al. 2017), further underscoring the

importance of this stage of gene expression.

1.1.3 Termination

Eukaryotic termination involves two separate but interconnected processes: the dissociation of
Pol II from the DNA template, and 3' end formation of the nascent RNA (Mischo and Proudfoot
2013). For mRNAs, the process of 3' end formation is guided by poly(A) signals, which direct
the activity of two complexes that engage both Pol II and the nascent RNA, cleavage and
polyadenylation factor (CPF) and cleavage factor IA and IB (CF) (Richard and Manley 2009;
Mischo and Proudfoot 2013). Release of Pol II from the template occurs downstream of the
poly(A) site by as much as several hundred bases, and is dependent on both the speed of the
polymerase as well as the relative stability of the RNA:DNA hybrid (Mischo and Proudfoot
2013).

While some noncoding transcripts are processed and terminated by this same method
(Marquardt, et al. 2011; Mischo and Proudfoot 2013), other non-polyadenylated transcripts
utilize some of the same machinery but are terminated by alternative pathways, such as the
Nrd1-Nab3-Senl (NNS) pathway in yeast or the cap binding complex (CBC)-ARS pathway in
metazoa (Mischo and Proudfoot 2013; Porrua and Libri 2015). It has become evident that
eukaryotic transcription is pervasive, both in coding and noncoding regions of the genome
(Porrua and Libri 2015). While the function of many ncRNAs is not fully understood, it is
thought that many of these transcripts are the result of "leaky" initiation events (Porrua and
Libri 2015). The NNS pathway specifically terminates ncRNAs that are destined for
degradation by the nuclear exosome, and efficient termination via the NNS pathway serves to

5
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Figure 1: Eukaryotic transcription is a dynamic, highly regulated process.

Diagram showing transcription of a eukaryotic protein-coding gene. The -1 and +1 nucleosomes typically contain
the histone variant H2A.Z (olive green) and flank a nucleosome free region (NFR) at the promoter. The boundaries
for the consensus positions of the -1 and +1 nucleosomes (Jiang and Pugh 2009) are given as distance in
nucleotides from the transcription start site. Initiation (top) is marked by the formation of a pre-initiation complex
comprising the 12-subunit RNA polymerase II holoenzyme, general transcription factors (shown in orange), the
Mediator complex, and numerous additional gene-specific factors. At this stage, the C-terminal domain (CTD) of
the largest Pol 11 subunit, Rpb1, which in budding yeast contains 26 repeats of the indicated heptapeptide sequence,
is unmodified (Buratowski 2009). Elongation (middle) takes place following promoter clearance, at which point
various elongation factors (shown in light green) associate with Pol II and regulate its activity. Some factors remain

associated throughout elongation, while others associate with the polymerase only transiently. The CTD is first



phosphorylated at serine 5 (Ser5P), and as eclongation proceeds, Ser2P accumulates and Ser5P decreases
(Buratowski 2009). Termination (bottom) involves dissociation of Pol II from the DNA template downstream of
the poly(A) site and release and processing of the nascent RNA (shown in red) through the coordinated activity of

termination factors, including cleavage and polyadenylation factor (CPF) and cleavage factor IA and IB.

prevent ncRNA transcription from interfering with the transcription of coding RNAs (Porrua
and Libri 2015).

As appreciation of the vast extent to which Pol II transcription can be modulated has
grown, there has been increased recognition of the interconnectedness of the various levels of
regulation. Correspondingly, factors that were once seen as specific to a particular stage of
transcription are now recognized as being involved in multiple co-transcriptional regulatory

events. Prominent among these is Paf1C.

1.2 THE PAF1 COMPLEX IS A CONSERVED, MULTIFUNCTIONAL

REGULATOR OF RNA POLYMERASE II TRANSCRIPTION

Paf1C has been implicated in regulating all stages of the Pol II transcription cycle as well as
events that follow transcript synthesis (Figure 2). Since the discovery of Paf1C as a novel Pol II-
interacting complex in Saccharomyces cerevisiae over twenty years ago (Wade, et al. 1996; Shi,
et al. 1997; Mueller and Jaehning 2002), studies in budding yeast have led the way in
elucidating the functions of this highly conserved protein complex. These foundational studies
demonstrated that Paf1C regulates transcription elongation (Costa and Arndt 2000; Squazzo, et

al. 2002; Rondon, et al. 2004) as well transcription termination and RNA 3’-end formation
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Figure 2: Pafl1C regulates numerous cotranscriptional processes.

Paf1C is required for the deposition of cotranscriptional histone modifications, specifically the monoubiquitylation
of histone H2B and methylation of H3 K4, K36, and K79 (Krogan, et al. 2003; Ng, Dole, et al. 2003; Ng, Robert, et
al. 2003; Wood, Schneider, et al. 2003; Xiao, et al. 2005; Chu, et al. 2007) (bottom right). These chromatin marks
play many roles, including roles in the establishment and maintenance of euchromatic and heterochromatic regions
of the genome (Verzijlbergen, et al. 2009) (bottom). In higher eukaryotes, PaflC governs promoter-proximal Pol II
pausing (bottom left; see Section 1.2.2 and Figure 4). Paf1C is also required for proper phosphorylation of serine 2
(Ser2) of the Pol I1 CTD (Mueller, et al. 2004; Nordick, et al. 2008) (top left), a mark that, among other functions,
recruits RNA processing factors (Licatalosi, et al. 2002). Paf1C also physically associates with processing factors
such as CPSF (Nordick, et al. 2008; Rozenblatt-Rosen, et al. 2009) (top right) and is required for proper processing
of the 3’ end of the nascent RNA (Mueller, et al. 2004; Nagaike, et al. 2011). Paf1C levels on genes also play a role
in determining whether the nascent transcript is shuttled to the cytoplasm or retained in the nucleus (Fischl, et al.
2017) (not shown). Proteins are not drawn to shape or scale, but the shape of PaflC is loosely modeled on a

recently published cryo-EM structure of S. cerevisiae Paf1C (Xu, et al. 2017).



(Mueller, et al. 2004; Penheiter, et al. 2005; Nordick, et al. 2008), functions that are mediated at
least in part by the ability of PaflC to promote several critical cotranscriptional histone
modifications (Krogan, et al. 2003; Ng, Dole, et al. 2003; Ng, Robert, et al. 2003; Wood,
Schneider, et al. 2003; Chu, et al. 2007).

In recent years, new roles for PaflC have been identified in processes predominantly
found in metazoans, particularly in the regulation of promoter-proximal pausing (Chen, et al.
2015; Yu, et al. 2015; Lu, et al. 2016). Studies in metazoans and in fission yeast have also
advanced our understanding of previously characterized PaflC functions, such as the
maintenance of heterochromatin and the regulation of alternative cleavage and polyadenylation
of mRNAs (Kowalik, et al. 2015; Sadeghi, et al. 2015; Verrier, et al. 2015; Yang, et al. 2016).
Furthermore, several new PaflC-regulated histone modifications have been described that
illuminate our understanding of the role that Paf1C plays in modulating chromatin structure
(W, et al. 2011; Verrier, et al. 2015). Given its fundamental role as a regulator of transcription
and its connections to human disease (Moniaux, et al. 2006; Newey, et al. 2009; Hanks, et al.
2014; Zhi, et al. 2015) and development (Ding, et al. 2009; Strikoudis, et al. 2016), interest in

the functions of Paf1C in higher organisms will likely continue to expand.

1.2.1 PaflC is targeted to chromatin by interactions with the Pol II elongation

machinery and promoter-associated transcription factors

In budding yeast, PaflC is composed of five subunits - Pafl, Ctr9, Cdc73, Leol, and Rtfl.
Some organisms, including humans, contain an additional subunit, the multifunctional
Ski8/Wdr61 protein (Zhu, et al. 2005). Moreover, in organisms other than budding yeast,
ranging from fission yeast to humans, Rtfl is not strongly associated with Paf1C and has been

9



shown to function independently of other Paf1C subunits in certain contexts (Mbogning, et al.
2013; Cao, et al. 2015; Yang, et al. 2016) (Figure 3). Although none of the subunits is essential
in budding yeast, pafi4 and ctr94 cells have severe growth defects (Betz, et al. 2002), and
Paf1C orthologs are essential in higher organisms (Mosimann, et al. 2006; Bahrampour and
Thor 2016). Pafl and Ctr9 are required for overall complex integrity (Kim, et al. 2010; Chu, et
al. 2013); consistent with this, global protein levels of the other subunits are decreased in S.
cerevisiae paflA and ctr94 mutants (Mueller, et al. 2004).

In both yeast and human cells, PaflC localizes to active genes at levels that correlate
with transcriptional output (Mayer, et al. 2010; Chen, et al. 2015; Yu, et al. 2015; Van Oss, et
al. 2016). Several studies have explored the mechanisms that couple PaflC and its various
activities to Pol II. Early studies of Cdc73 (parafibromin in humans) showed that it interacts
directly and stoichiometrically with purified Pol II (Shi, et al. 1997) and is important for Paf1C
recruitment (Mueller, et al. 2004). The dynamically modified C-terminal domain (CTD) of Pol
IT serves as a hub that recruits an array of accessory factors to chromatin (Zaborowska, et al.
2016), and subsequent work showed that a conserved C-terminal domain within Cdc73
preferentially interacts with phosphorylated Pol II CTD peptides in vitro (Qiu, et al. 2012). A
second attachment point between Paf1C and the Pol II elongation machinery is mediated by the
elongation factor Spt5 (Liu, et al. 2009; Qiu, et al. 2012; Mbogning, et al. 2013), which interacts
directly with a central region of the Rtfl subunit (Mayekar, et al. 2013; Wier, et al. 2013)
(Figure 3). However, consistent with the weak association between Rtfl and other PaflC
subunits in metazoans, a recent structure/function analysis of human Rtfl suggests that Paf1C
recruitment in humans may be primarily Rtfl-independent, at least at certain genes (Cao, et al.

2015) (Figure 3). Interestingly, both Spt5 and the Pol II CTD are substrates of the same kinase,

10



Burl (CDKJ9 in humans), and the activity of this kinase is required for proper Paf1C recruitment
in both yeast and human cells (Laribee, et al. 2005; Liu, et al. 2009; Qiu, et al. 2012; Mbogning,
etal. 2013; Yu, et al. 2015).

At most genes in S. cerevisiae, Paf1C occupancy peaks downstream of the transcription
start site near the +2 and +3 nucleosomes (Mayer, et al. 2010; Van Oss, et al. 2016). This
enrichment pattern is consistent with an ordered recruitment model in which PaflC joins the
elongation machinery after Spt5 has associated with Pol II. However, in higher eukaryotic
systems, the pattern of PaflC enrichment differs from that observed in budding yeast, possibly
reflecting different recruitment strategies predominant in different systems (Figure 3). For
example, in some mouse and human cells, Paf1C occupancy was reported to be highest near the
transcription start and end sites (TSS and TES) (Chen, et al. 2015; Yu, et al. 2015; Yang, et al.
2016). This is interesting in light of several studies in higher eukaryotes indicating that Paf1C is
recruited to promoters and enhancers by transcriptional activators (Figure 3). In one study, a
transient complex between PaflC and the proto-oncogenic transcription factor c-Myc was
identified and found to inhibit activation of c-Myc target genes (Jaenicke, et al. 2016).
Transactivators of viral genomes have also exploited interactions with PaflC. For example, the
adenovirus E1A protein recruits PaflC to promoters, leading to the activation of both viral and
host genes in a PaflC-dependent manner (Fonseca, et al. 2013; Fonseca, et al. 2014). Several
studies have also identified an important role for parafibromin, the human ortholog of Cdc73, in
regulating the transcriptional output of the developmentally critical Wnt, Hedgehog, and Notch
signaling pathways through direct interactions with the downstream effectors of these pathways
(Mosimann, et al. 2006; Kikuchi, et al. 2016). The interactions between parafibromin and the

effectors of the Wnt and Hedgehog pathways (B-catenin and Glil, respectively) utilize the same
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Figure 3: Paf1C recruitment to ORFs in budding yeast vs. metazoa

(A) In Saccharomyces cerevisiae, Paf1C is recruited to promoters by unknown mechanisms and is generally
depleted in this region. Rtfl is stably associated with the complex. Paf1C is enriched in the bodies of active genes,
where it associates directly with both Pol II and Pol II-associated Spt4/5. Paf1C and Spt4/5 dissociate from Pol II
downstream of the polyadenylation (pA) site (Mayer, et al. 2010). (B) In metazoa, Paf1C is recruited to promoters
by transcriptional activators such as E1A and Myc. The complex contains an additional subunit, Ski8, while Rtf1
does not stably associate with Paf1C and may function independtly of the Spt4/5 ortholog DSIF (Chen, et al. 2009;
Cao, et al. 2015). Paf1C, Pol II and DSIF are enriched at promoter-proximal regions, where Pol II pauses at many
genes, and near the pA site. Paf1C and DSIF remain associated with Pol II downstream of the pA site (Rahl, et al.
2010). Proteins are not drawn to shape or scale, but Paf1C shape and interactions with Pol II and Spt4/5 are loosely

modeled on a recently published cryo-EM structure of S. cerevisiae Paf1C (Xu, et al. 2017).
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N-terminal segment of parafibromin and are mutually exclusive (Kikuchi, et al. 2016). In
contrast, parafibromin can simultaneously interact with the Wnt and Notch signaling effectors,
allowing for coordinate stimulation of these two pathways. Interestingly, parafibromin is
capable of stimulating transcription of Wnt target genes even upon depletion of Pafl, which
should preclude formation of a stable PaflC (Takahashi, Tsutsumi, et al. 2011). This is
consistent with recent data showing that murine Cdc73 is specifically enriched at promoters
under certain conditions (Yang, et al. 2016). While PaflC recruitment to promoters and
enhancers may represent a general mechanism of PaflC recruitment in higher organisms and
may delineate a class of genes as Paf1C-regulated in response to various signals, the means by
which Paf1C modulates the expression of any given gene is likely to depend on gene- and cell

type-specific factors.

1.2.2 PaflC regulates gene expression through diverse mechanisms.

Strong support for a role of PaflC in transcription elongation first came from experiments in
budding yeast, which showed that Paf1C is recruited to actively transcribed open reading frames
(ORFs) (Pokholok, et al. 2002) and interacts physically and genetically with transcription
elongation factors, including the Spt4-Spt5 complex and the FACT histone chaperone complex
(Costa and Arndt 2000; Krogan, Kim, et al. 2002; Squazzo, et al. 2002). An early study using
yeast extracts and a naked DNA template revealed a direct role for Paf1C as a positive effector
of transcription in vitro (Rondon, et al. 2004), and a more recent study showed that reconstituted
human Paf1C promotes elongation through a chromatinized template both independently and in
concert with the elongation factor TFIIS/SII (Kim, et al. 2010). In the cell, deletion or
knockdown of Pafl1C components alters the expression of many genes, and the results indicate
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both positive and negative effects of the complex on transcript levels (Shi, et al. 1996;
Penheiter, et al. 2005; Cao, et al. 2015).

In recent years, much attention has been given to the importance of promoter-proximal
pausing of Pol II in regulating transcription elongation at many genes in metazoans (Adelman
and Lis 2012). The pausing of Pol II 20-60 bp into the transcription unit poises genes for rapid
induction in response to external stimuli and maintains promoter-proximal regions in a
nucleosome-depleted state (Adelman and Lis 2012). The transcription elongation factor DSIF
(human ortholog of the yeast Spt4-Spt5 complex) acts in concert with another protein complex,
NELF, to establish promoter-proximal pausing of Pol II (Liu, et al. 2015). Release from pausing
is triggered by phosphorylation of NELF and Spt5 by P-TEFb (CDK9-cyclin T complex), upon
which NELF dissociates from the polymerase and DSIF becomes a positive elongation factor
(Liu, et al. 2015).

Several recent studies have identified Paf1C as a factor that regulates promoter proximal
pausing (Wu, et al. 2014; Yu, et al. 2015; Lu, et al. 2016). One genome-wide survey of Pol II
and PaflC occupancy in human monocytic leukemia (THPI1) cells indicated that PaflC
promotes release from pausing at > 5,800 genes (Yu, et al. 2015). This study identified a mutual
dependence of PaflC and P-TEFb with respect to their recruitment to/retention on active
chromatin (Yu, et al. 2015), an observation consistent with a positive feedback model in which
Paf1C promotes pause release by regulating the chromatin association of P-TEFb both directly
and via PaflC-dependent histone modifications (see below) (Wu, et al. 2014). Another recent
report postulates the existence of at least four unique P-TEFb-containing super elongation
complexes (SECs), each with distinct targets for CDK9 activity (Lu, et al. 2016). PaflC is

critical for the recruitment of two of these SEC subtypes. In this model, Paf1C interacts with
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AFF1-SEC to recruit P-TEFb to NELF-A, and subsequently with AFF4-SEC to recruit P-TEFb
to the Pol II CTD. It is believed that a direct interaction between the Pafl subunit and AF9, a
component of both of the above SEC subtypes, is responsible for facilitating this recruitment
(He, et al. 2011), although others have detected Paf1C binding to CDK9 independently of AF9
(Yu, et al. 2015).

In contrast to studies that implicated PaflC in pause release, other studies have
demonstrated a role for PaflC in establishing or maintaining the pause. Depletion of Pafl in
human colon cancer cells resulted in a genome-wide increase in the ratio of Pol II in gene
bodies relative to promoters, suggesting that Pafl inhibits release from pausing at a large
number of genes in this context (Chen, et al. 2015). Global run-on sequencing (GRO-seq) and
nascent RNA-seq in Pafl-depleted cells detected increased transcription of these genes.
Furthermore, enhanced enrichment of the CDK9-containing AFF4-SEC complex was observed
in Pafl deficient cells, establishing a model whereby Paf1C promotes pausing by inhibiting the
recruitment of P-TEFD in the context of SEC (Chen, et al. 2015). Similar results were seen in
another cancer cell line (MCF7) as well as in Drosophila, and interestingly, the same study that
found that a majority of genes displayed more pausing upon PaflC depletion in THP1 cells
observed the opposite effect in human acute lymphoblastic leukemia CCRF-CEM cells (Yu, et
al. 2015). Also of note is the observation that turnover of c-Myc promotes P-TEFb recruitment
(Jaenicke, et al. 2016). When c-Myc turnover is inhibited, a transient c-Myc-PaflC complex
(see above) is stabilized and transcription of Myc targets is downregulated (Jaenicke, et al.
2016). It is possible that cellular environments that stabilize this complex may also inhibit P-
TEFb recruitment. Taken together, these observations argue that the role of Paf1C in regulating

pausing is complex and may depend on secondary genetic or physiological factors (Figure 4).
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A.
Paused Pol Il Released Pol Il

Paused Pol Il Released Pol Il

Figure 4: Paf1C regulates promoter-proximal pausing in higher eukaryotes.
(A) In cells where Pafl1C promotes pause release, it acts to recruit the P-TEFb-containing super elongation complex
(SEC). Subsequently, the CDK9 subunit of P-TEFb phosphorylates DSIF, NELF, and Ser2 of the Pol I CTD.
Upon phosphorylation, NELF dissociates from Pol II and DSIF becomes a positive elongation factor, allowing for
productive transcription elongation. Pafl1C also recruits CDK 12, which is thought to be the major Ser2 kinase in
mammalian cells. (B) In some cells Paf1C acts to stabilize Pol II pausing. At Myc target genes, for example, Paf1C
forms a transient complex with c-Myc that is inhibitory to SEC/P-TEFb recruitment. This figure was made by

Christine Cucinotta and is used with permission.
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Phosphorylation of the serine 2 residues in the CTD heptad repeats (Ser2P) of Pol II is
strongly associated with transcription elongation. While Ser2P is dependent on CDK9, more
recent studies indicate that the major Ser2P kinase is CDK12 (Bartkowiak, et al. 2010).
Interestingly, PaflC was recently shown to recruit CDKI12 to chromatin (Yu, et al. 2015).
Because the interaction between PaflC and CDK12 is stronger than that between CDK12 and
Pol II (Yu, et al. 2015), it is possible that Paf1C not only recruits CDK 12, but also stimulates its
activity by helping to position it at the site of catalysis on the Pol II CTD. A recent report
suggests that Ser2P occurs downstream of pause release (Lu, et al. 2016), suggesting that
Paf1C's role in this process may relate more to its interactions with P-TEFb (Yu, et al. 2015; Lu,
et al. 2016), which targets numerous pausing factors, than to its involvement in CDKI12
recruitment.

While at many genes PaflC likely impacts transcript levels by direct and chromatin-
mediated effects (see below) on Pol II elongation, several studies have implicated Paf1C in co-
and post-transcriptional RNA processing events. Polyadenylation of mRNAs takes place
cotranscriptionally (Maniatis and Reed 2002; Proudfoot, et al. 2002), and Pol II pausing also
occurs upon transcription through the polyadenylation (pA) site and prior to termination
(Jonkers and Lis 2015). One known function of Pol II CTD-Ser2P is the recruitment of RNA 3'
processing factors to the pA site (Licatalosi, et al. 2002; Ahn, et al. 2004). A role for Paf1C in
the regulation of mRNA processing was first suggested by studies in budding yeast, which
showed that loss of PaflC subunits leads to shortened poly(A) tails and alternative pA site
selection (Mueller, et al. 2004; Penheiter, et al. 2005). In support of a direct role for Pafl1C in
this process, physical interactions between PaflC subunits and multiple cleavage and

polyadenylation factors have been detected (Nordick, et al. 2008; Rozenblatt-Rosen, et al.
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2009), and PaflC has also been shown to stimulate transcript cleavage and polyadenylation in
vitro (Nagaike, et al. 2011).

In contrast to budding yeast, where Paf1C dissociates from chromatin just upstream of
the pA site (Mayer, et al. 2010), mammalian Paf1C occupancy persists downstream of the pA
site (Yang, et al. 2016) (Figure 3). A recent study showed that depletion of specific Paf1C
subunits from mouse myoblasts caused global alterations in pA site selection, with increased
use of alternative pA sites in introns and internal exons (Yang, et al. 2016). At genes with
upregulation of intronic or exonic pA site usage following PaflC depletion, transcription is
diminished (Yang, et al. 2016). Interestingly, PaflC is enriched in the bodies of these genes,
suggesting a direct role in guarding against alternative pA site selection. (Yang, et al. 2016).
Whether Paf1C impacts pA site selection by controlling Pol II elongation rates or by affecting
the recruitment/activity of cleavage and polyadenylation factors remains to be clarified.

Recent evidence also suggests that, distinct from its role in promoting elongation, Paf1C
controls the fate of nascent transcripts. Global analysis in budding yeast found that PaflC
enrichment at ORFs promotes the nuclear export of nascent transcripts, while Paf1C depletion
leads to their retention and degradation (Fischl, et al. 2017). Paf1C enrichment in gene bodies
was shown to be governed at least in part by promoter elements (Fischl, et al. 2017), although it
is as yet unclear whether Paf1C is recruited to budding yeast promoters by transcription factors,

as in higher organisms.

1.2.3 Pafl1C has connections to development and human disease

In spite of the diverse and context-dependent functions of PaflC, its role as a regulator of Pol 11
transcription is broadly conserved across eukaryotes, and interest in PaflC has continued to
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grow as its role in development and human disease has become more evident. Historically,
interest was focused on the parafibromin (Cdc73) subunit, a tumor suppressor that when mutant
can lead to hyperparathyroidism-jaw tumor (Wang, et al. 2005). More recently, CTR9 was also
identified as a tumor suppressor gene in humans, with mutations predisposing to Wilms tumor
(Hanks, et al. 2014). Additionally, Pafl1C is recruited to targets of the p53 tumor suppressor
upon transcription stress and is required for their full activation (Albert, et al. 2016). Paf1C can
also promote tumorigenesis in several cell types (Moniaux, et al. 2006; Zhi, et al. 2015;
Karmakar, et al. 2017). In the case of non-small cell lung cancer, Pafl protein levels correlate
negatively with survival, and interestingly, depletion of both Pafl and c-Myc synergistically
inhibit cell proliferation (Zhi, et al. 2015).

A role in cancer is consistent with Paf1C regulation of development and differentiation.
Paf1C mutants display developmental defects in zebrafish and fruit flies (Akanuma, et al. 2007,
Nguyen, et al. 2010; Langenbacher, et al. 2011; Bahrampour and Thor 2016), and Paf1C is
implicated in the maintenance of pluripotency in mouse and human embryonic stem cells
(ESCs) (Ding, et al. 2009; Ponnusamy, et al. 2009; Rigbolt, et al. 2011). Interestingly, a recent
report suggests that Pafl1C regulation of promoter-proximal pausing may underlie its role in
these processes. Like PaflC, the PHD-finger protein Phf5a acts to maintain pluripotency in
mouse ESCs (Strikoudis, et al. 2016). Paf1C binds Phf5a directly, and both Paf1C and Phf5a are
downregulated upon differentiation (Strikoudis, et al. 2016). In the context of pluripotent stem
cells, Paf1C and Phf5a appear to cooperate to maintain pluripotency by promoting pause release
and thereby productive transcription of genes in the self-renewal network (Strikoudis, et al.
2016). Furthermore, and consistent with studies in zebrafish (Nguyen, et al. 2010;

Langenbacher, et al. 2011) and C. elegans (Trappe, et al. 2002), both PaflC and Phf5a are also
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required for differentiation of myoblasts to myotubules (Strikoudis, et al. 2016), again

emphasizing the contextual nature of Paf1C regulation of transcriptional networks.

1.3 H2B MONOUBIQUITYLATION GOVERNS CHROMATIN STRUCTURE AND

REGULATES GENE EXPRESSION AND COTRANSCRIPTIONAL PROCESSES

Eukaryotic transcription is regulated by dynamic changes in chromatin, which include
conserved post-translational modifications of the core histones that comprise the protein
component of the nucleosome. The consequences of these modifications have been the subject
of intense study. While many of these modifications are found on the disordered N-terminal
tails of the histones, one modification of particular interest is the monoubiquitylation (ub) of a
lysine (K) residue on the C-terminal helix of histone H2B: K120 in H. sapiens and the
orthologous K123 residue in S. cerevisiae.

At ~7.5 kDa, the ubiquitin moiety is substantially larger than most other histone
modifications, and as such it has a significant impact on the formation of higher-order
chromatin structures. Decreased nucleosome occupancy at transcribed genes in a yeast strain
lacking H2B K123ub indicates that this modification promotes nucleosome stability in vivo,
most likely in conjunction with the FACT histone chaperone complex (Fleming, et al. 2008;
Batta, et al. 2011), an observation that is supported by histone solubility assays
(Chandrasekharan, et al. 2009). H2Bub inhibits chromatin fiber compaction (Fierz, et al. 2011),
possibly by precluding internucleosomal contacts between H2B C-termini. This results in an
"open" chromatin conformation; consistent with this, deubiquitylation of H2B was shown to

promote heterochromatin spreading in Arabidopsis (Sridhar, et al. 2007).
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H2B is ubiquitylated co-transcriptionally, and levels of H2Bub correlate with Pol 11
elongation rates (Kim, et al. 2009; Fuchs, et al. 2014). Though associated with regions of active
transcription, the mark regulates transcript levels both positively and negatively for a subset of
genes (Zhang, Kolaczkowska, et al. 2005; Mutiu, et al. 2007; Shema, et al. 2008; Batta, et al.
2011), particularly genes where transcription is rapidly induced in response to various stimuli
(Shema, et al. 2008). The effect of H2Bub on transcriptional output appears dependent on its
genomic context, as transcripts negatively regulated by H2Bub are enriched for the mark in
promoter regions, while those positively regulated by H2Bub exhibit higher levels in gene
bodies (Batta, et al. 2011). Interestingly, analysis of global H2Bub distribution in HeLa cells
found that genes whose expression is repressed by H2Bub exhibited high levels of H2Bub and
enrichment of other marks of active transcription but were weakly expressed and had a
relatively closed chromatin conformation (Shema, et al. 2008). This suggests that the intrinsic
ability of H2Bub to promote open chromatin is likely modulated by other factors in the genomic
context.

H2Bub is also implicated in DNA repair pathways. An early report found that H2Bub-
deficient cells fail to initiate cell cycle arrest in response to DNA damage (Giannattasio, et al.
2005). More recently, it was shown that the modification recruits factors important for both
homologous recombination and non-homologous end joining (Meas and Mao 2015).
Deubiquitylation of H2B is also implicated in the DNA damage response (DDR), as ablation of
the deubiquitylase machinery inhibited phosphorylation of H2AX, an important step in certain
DDR pathways (Ramachandran, et al. 2016).

Although mRNA splicing is not as prevalent in budding yeast as in other organisms,

many of the yeast ribosomal protein genes are spliced, and H2Bub is enriched in both the exons
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and introns of such genes (Shieh, et al. 2011). Furthermore, in a strain deficient for H2Bub,
recruitment of early splicing factors is attenuated (Herissant, et al. 2014). In higher eukaryotes,
deubiquitylation of H2B is also required for proper and efficient splicing of many transcripts

(Zhang, et al. 2013)

14 CROSSTALK BETWEEN H2B MONOUBIQUITYLATION AND OTHER

CHROMATIN MODIFICATIONS

Beyond any direct influence that the ubiquitin moiety exerts on chromatin structure and
transcriptional regulation, H2Bub is also required for di- and trimethylation (Me*/Me’) of H3
K4 and H3 K79, marks associated with active chromatin and required for proper silencing and
establishment of heterochromatic regions (Krogan, Dover, et al. 2002; Nguyen and Zhang 2011;
Smolle and Workman 2013). H3 K4Me® is enriched at or near the promoters of highly
transcribed genes, while H3 K79 is found primarily in gene bodies (Smolle and Workman
2013). In budding yeast, deposition of H3 K4Me is catalyzed by the Setl complex, also known
as COMPASS, while in humans there are six orthologous complexes (Soares and Buratowski
2013). In contrast, Dotl, the methyltransferase that catalyzes H3 K79Me (van Leeuwen, et al.
2002), acts as a monomer.

While there remains considerable debate as to the mechanism of this so-called "histone
crosstalk," several studies provide hints. One study utilizing a reconstituted in vitro system that
replicates the in vivo dependence of H3 K4Me on H2Bub found that a domain within the
catalytic Setl subunit, termed the n-SET domain, was required for COMPASS activity on a

chromatin template (Kim, et al. 2013). Another report using human factors identified a direct
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interaction between ubiquitin and Ash2, an ortholog of yeast Bre2 that is common to all six
mammalian complexes (Wu, et al. 2013). This interaction was required for H2Bub-dependent
H3 K4Me, although interestingly simply tethering ubiquitin directly to Ash2 was sufficient to
stimulate H3 K4Me in the absence of ubiquitylation on H2B (Wu, et al. 2013).

With respect to H3 K79Me*/Me’, a study utilizing synthetically ubiquitylated H2B
showed that H2Bub stimulated intranucleosomal H3 K79Me directly, likely through an
allosteric effect on Dot catalysis (McGinty, et al. 2008). This regulation is specific to the
chromatin environment, as H2Bub was required for stimulation of H3 K79Me on nucleosomes
but not on naked histone octamers (McGinty, et al. 2008).

Interestingly, attachment of the ~12 kDa small ubiquitin-like modifier (SUMO) moiety
to H2B failed to promote either H3 K4Me** or H3 K79Me® (Chandrasekharan, et al. 2009).
This observation, along with the finding of Ash2 binding to ubiquitin, argues against an early
model that hypothesized that H2Bub might function as a "wedge" that opens up chromatin in
order to allow access of the methylation machinery, and in favor of a "bridge" model whereby
ubiquitin acts as a binding platform (Henry and Berger 2002).

Despite the specific requirement for ubiquitin in promoting these downstream
modifications, the specific attachment point of ubiquitin does not appear to be critical for
crosstalk, as ubiquitin fused to the H2A N-terminus promotes moderate levels of H3 K4Me and
H3 K79Me in the absence of H2Bub (Vlaming, et al. 2014). In humans, H2B can also be
monoubiquitylated on K34 (Wu, et al. 2011). H2B K34ub appears to stimulate H3 K4 and H3
K79 methylation directly, similarly to H2B K120ub (Wu, et al. 2011). The two marks appear
interdependent, as the H2B K120ub machinery promotes H2B K34ub and vice versa (Wu, et al.

2014).
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1.5  H2B MONOUBIQUITYLATION IS A DYNAMIC MODIFICATION

REGULATED BY MANY FACTORS

1.5.1 The Rad6 and Brel enzymes specifically monoubiquitylate H2B

H2B is monoubiquitylated through the canonical ubiquitin-activating enzyme (E1)-> ubiquitin
conjugase (E2)-> ubiquitin ligase (E3) cascade. The E2 Radé6 is required for H2B K123ub in
yeast, and Rad6 homologs function similarly in other organisms, including humans (Robzyk, et
al. 2000; Kim, et al. 2009). Unlike many E2s, Rad6 is capable of catalyzing ubiquitylation in the
absence of an E3, and it promiscuously mono- and polyubiquitylates free histones and
nucleosomes in vitro (Haas, et al. 1988; Sung, et al. 1988; Kim and Roeder 2009). In the cell,
however, the E3 Brel (RNF20/40 in humans), as well as the Brel-associated protein Lgel, are
required to monoubiquitylate the target lysine on H2B (Hwang, et al. 2003; Wood, Krogan, et
al. 2003; Song and Ahn 2010). In humans, other E3 enzymes have been shown to promote
deposition of H2Bub both in vivo (e.g. Mdm?2) and in vitro (e.g. BRCA1) (Weake and Workman
2008). However, in the case of Mdm2, the activity does not appear to be specific to K120, while
the ability of BRCAT1 to promote H2Bub in vivo has yet to be determined (Weake and Workman
2008).

Rad6 has three known E3 partners - Rad18, Ubrl, and Brel - all of which are so-called
RING E3s (Turco, et al. 2015), which act to guide the direct transfer of ubiquitin from E2s to a
specific substrate or substrates, in contrast with HECT-type E3s, which form an intermediate
complex with ubiquitin (Zheng and Shabek 2017). Several detailed structural and genetic
analyses of Rad6 and Brel-mediated H2Bub provide clues to the mechanisms that govern
catalysis. While binding of the 700 amino acid yeast Brel (yBrel) to Rad6 requires only the
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first 210 residues of the protein, H2Bub is dependent on Brel’s C-terminal RING domain (Kim
and Roeder 2009). The N-terminal Rad6 binding domain of Brel interacts with the Rad6
backside (opposite the active site C88 residue) and stimulates catalysis and ubiquitin discharge
from Rad6, though the RING domain in conjunction with Rad6 is sufficient to stimulate in vitro
H2Bub (Turco, et al. 2015). In the case of Rad6-Rad18, Rad18 binding to the Rad6 backside is
thought to direct the preference towards mono- over polyubiquitylation (Hibbert, et al. 2011); it

is unclear if the binding of Brel to the Rad6 backside functions similarly (Turco, et al. 2015).

1.5.2 Regulation of H2Bub by the nucleosome

In addition to the enzymes that deposit the mark, H2Bub is regulated by the nucleosome itself.
Multiple groups have shown that a domain within the N-terminal H2A tail, known as the H2A
repression domain (HAR), is required for robust H2Bub (Zheng, et al. 2010; Wozniak and
Strahl 2014). The HAR also regulates downstream di- and trimethylation of H3K4, and isolation
of COMPASS from strains lacking the HAR revealed significantly reduced levels of the
COMPASS subunit Cps35 (Zheng, et al. 2010). This finding is in agreement with a model
whereby H2Bub is required for the association of Cps35 with COMPASS and subsequent
COMPASS activity (Lee, et al. 2007), in contrast to a model that suggests that COMPASS
activity is mediated by Rad6 and Brel-dependent ubiquitylation of Cps35 (Vitaliano-Prunier, et
al. 2008), although it remains possible that both mechanisms play a role in COMPASS
activation.

More recently, our lab found that specific H2A residues housed within a negatively
charged region of the nucleosome known as the nucleosome acidic patch are required for
normal levels of H2Bub (Cucinotta, et al. 2015). This is likely due in part to the role these
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residues play in the recruitment of the H2Bub machinery, as mutations within the acidic patch
dramatically reduced the occupancy of Brel, Sptl6, and other factors involved in promoting
H2Bub (Cucinotta, et al. 2015). Furthermore, substitutions within the acidic patch lead to
diminished Pol II elongation efficiency (Cucinotta, et al. 2015). Competitive binding of the
acidic patch by the herpes virus latency-associated nuclear antigen (LANA) inhibits Brel-
mediated H2Bub in vitro (Gallego, et al. 2016), indicating that the role of the acidic patch in

promoting H2Bub is direct.

1.5.3 Regulation of H2Bub by deubiquitylating enzymes

H2Bub is a dynamic mark, the removal of which is carried out by the ubiquitin-specific
proteases Ubp8 and Ubpl0, which target distinct cellular pools of the mark (Schulze, et al.
2011). Deletion of UBP?7 also results in higher global H2Bub levels, though whether this effect
is direct or indirect remains unclear (Bohm, et al. 2016). Deletion of UBPS reduces expression
of a subset of genes (Henry, et al. 2003), and deubiquitylation carried out by Ubp8 is required
for the recruitment of the CDK12 ortholog Ctk1 (Wyce, et al. 2007), which phosphorylates Ser2
of the Pol II CTD as in metazoa, thus linking deubiquitylation of H2B to transcriptional
activation and suggesting that a complete cycle of ubiquitylation and deubiquitylation is
required for optimal gene expression.

Ubp8 is a member of the SAGA complex and is housed within the SAGA DUB module,
comprising Ubp8, Sgfll, Susl, and Sgf73 (Morgan and Wolberger 2017). The loading of the
DUB module onto ubiquitylated nucleosomes is dependent on an interaction between the
nucleosome acidic patch and an "arginine anchor" on the Sgfl1 subunit (Morgan, et al. 2016).
Furthermore, phosphorylation by the CK2 kinase of an essential acidic patch residue, H2A Y58,
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promotes H2Bub by inhibiting the deubiquitylation activity of SAGA (Basnet, et al. 2014).
Interestingly, a recent report found that Brel also contacts the acidic patch through a similar

arginine motif, competing with Sgf11 (Gallego, et al. 2016).

1.54 Regulation of H2Bub by transcription elongation factors

Another well-studied factor known to promote H2B ubiquitylation is the histone chaperone
complex FACT. In higher eukaryotes, FACT is composed of Sptl6 and SSRP1, while in
budding yeast, the functions of SSRP1 are carried out by two proteins, Pob3 and Nhp6 (Winkler
and Luger 2011). FACT binds and chaperones both H2A-H2B dimers and H3-H4 tetramers, and
binds nucleosomes with high affinity, reorganizing them so as to render the DNA template more
accessible (Formosa 2012). The complex has roles in DNA repair and DNA replication, in
addition to regulating gene expression by promoting transcription elongation (Formosa 2012).
Inactivation of the essential Spt16 subunit in yeast leads to a dramatic reduction in global
H2Bub levels (Fleming, et al. 2008), and a study making use of an in vitro chromatin template
also observed a requirement for FACT in promoting H2Bub (Pavri, et al. 2006). Deletion of the
Spt16 N-terminal domain is not lethal but causes sensitivity to hydroxyurea (VanDemark, et al.
2008), which induces DNA replication stress, a phenotype shared with mutants lacking H2Bub
due to an H2B K123R substitution (Trujillo and Osley 2012).

Of note, several groups, including our lab, have found that Spt16 and components of
Paf1C copurify (Squazzo, et al. 2002; Mayekar, et al. 2013), and depletion of the Pafl subunit
leads to reduced SSRP1 recruitment in Drosophila (Adelman, et al. 2006). Also of interest is the
observation that CK2 copurifies with FACT, and that, in addition to its role in phosphorylating
the nucleosome acidic patch, CK2 extensively phosphorylates Paf1C (Bedard, et al. 2016).
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Finally, a recent report showed that H2Bub in mouse embryonic fibroblasts is dependent
on the Mediator subunit MED23 (Yao, et al. 2015). Although early studies of Mediator focused
on its role in initiation, many recent reports show roles for Mediator in transcription elongation
and in various cotranscriptional processes (Conaway and Conaway 2013). MED23 directly
associates with RNF20/40 and promotes its recruitment to chromatin (Yao, et al. 2015).
Intriguingly, Paf1C functioned cooperatively with Mediator to stimulate H2Bub in an in vitro

system using purified factors (Yao, et al. 2015).

1.6 THE PAF1 COMPLEX IS REQUIRED FOR H2B MONOUBIQUITYLATION

A role for PaflC in promoting H2Bub in vivo was first suggested by studies showing that
certain Pafl1C subunits are required for H3 K4 and H3 K79 methylation (Krogan, et al. 2003;
Ng, Robert, et al. 2003), and shortly thereafter it was demonstrated independently by several
groups that Paf1C is required for H2Bub (Ng, Dole, et al. 2003; Wood, Schneider, et al. 2003;
Xiao, et al. 2005). Consistent with this, Burl, which promotes PalC recruitment to chromatin, is
also required for H2Bub (Wood, et al. 2005).

While there is some disagreement in the literature concerning the role of individual
Paf1C subunits in promoting H2Bub (see Section 2.3.1), our lab and others have shown that this
function is dependent on a small, conserved domain within the Rtfl subunit, both in yeast
(Warner, et al. 2007; Tomson, et al. 2011; Piro, et al. 2012) and in higher eukaryotes (Cao, et al.
2015). This domain, termed the Rtfl histone modification domain (hereafter, HMD), was first
identified by screening a series of Rtfl internal deletion mutants for defects in H3 K4 Me® and

H3 K79 Me*? (Warner, et al. 2007). Subsequently, it was found that overexpression of the
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HMD is sufficient to restore global H2B K123ub in a yeast strain deleted of the endogenous
RTF1 gene (Piro, et al. 2012). Another study showed that the HMD and other factors that
promote catalysis of H2Bub stabilize Brel at the protein level (Wozniak and Strahl 2014).
Despite these advances and studies showing a role for PaflC in recruiting various histone
modifiers to genes (Krogan, et al. 2003; Ng, Robert, et al. 2003; Xiao, et al. 2005; Chu, et al.
2007), the precise mechanism by which PaflC facilitates H2Bub has remained unclear. While
Brel was shown to recruit Rad6 to promoter regions via transcriptional activators (Wood,
Krogan, et al. 2003; Kao, et al. 2004), Rtf1 is required for full levels of Rad6 and Brel in the
coding regions of highly transcribed genes (Xiao, et al. 2005; Van Oss, et al. 2016). However,
this relatively modest effect of Rtfl on Rad6 and Brel levels does not fully explain the fact that
H2Bub is undetectable in the absence of Rtfl, suggesting a more active role for the Rtfl HMD
in promoting H2Bub. Understanding the molecular details of this mechanism is the central

question that this thesis seeks to address.

1.7 RELEVANCE OF H2B MONOUBIQUITYLATION IN HUMAN

DEVELOPMENT AND DISEASE

There is evidence suggesting that PaflC regulation of H2Bub underpins its role in governing
development and differentiation in higher eukaryotes. Mutant clones of the Brel ortholog in
fruit flies exhibit defective Notch signaling (Bray, et al. 2005), and knockdown of the
Drosophila Rtfl ortholog results in similar phenotypes (Tenney, et al. 2006). RNF20/40-
mediated H2Bub is also required for proper differentiation in both human and mouse stem cells

(Fuchs, et al. 2012; Karpiuk, et al. 2012).
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H2Bub is also important for preventing changes in transcription that are associated with
tumorigenesis (Shema, et al. 2008), and several recent studies have linked changes in H2Bub
with specific cancers (Dickson, et al. 2016; Melling, et al. 2016; Tarcic, et al. 2016). Despite the
fact that loss of H2Bub leads to increased apoptosis in S. cerevisiae, (Walter, et al. 2010),
depletion of RNF20 from human cells led to a dramatic reduction in p53 expression and
decreased p53-mediated apoptosis (Shema, et al. 2008). In other cellular contexts RNF20 can
function as an oncogene, possibly through regulation of HOX gene expression (Wright, et al.
2011).

The extent to which H2Bub contributes to PaflC regulation of promoter-proximal
pausing in higher eukaryotes is unclear. In HeLa cells, CDK9 both promotes H2B K120ub and
is dependent on it marks for its chromatin association (Wu, et al. 2014). In contrast, in cells
where PaflC promotes pausing, H2Bub does not appear linked to this regulation (Chen, et al.
2015). Interestingly, a recent report suggests that PaflC regulation of promoter-proximal
pausing may explain its effects on differentiation and development. In the context of pluripotent
stem cells, PaflC and the PHD-finger protein Phf5a appear to cooperate to maintain
pluripotency by promoting pause release and thereby productive transcription of genes in the
self-renewal network (Strikoudis, et al. 2016). Paradoxically, H2B K120ub at PaflC targets
increases upon Pafl depletion in ESCs, while H3 K79Me increases (Strikoudis, et al. 2017).

Since the discovery of H2Bub nearly four decades ago (West and Bonner 1980), interest
in this modification and the molecular factors that regulate it has continued to grow. Given its
broad implications for regulating chromatin structure and function and its relevance to human

health, such studies will likely continue to proliferate.
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20 THE PAF1 COMPLEX REGULATES GLOBAL H2B

MONOUBIQUITYLATION IN SACCHAROMYCES CEREVISIAE

21 INTRODUCTION

The Rtfl HMD was first identified by examining a series of Rtfl internal deletion mutants for
defects in H3 K4 and H3 K79Me?” (Warner, et al. 2007). Deletion of Rtf1 residues 62-109 or of
residues 111-152 resulted in a nearly complete loss of these methylation marks, and H2Bub is
undetectable in these mutants; thus, the HMD was initially defined as comprising residues 62-
152 (Warner, et al. 2007). Subsequent work showed that overexpression of residues 63-152
(HMDsg3.152) was sufficient to restore wild-type levels of H2Bub in an rtfiA strain (Piro, et al.
2012).

In addition to identifying the HMD, the genetic structure/function study of Rtfl found
that a small C-terminal region of Rtfl, comprising residues 536-558 and known as the Paf1C
interacting domain (PID), is required for Rtfl association with Paf1C (Warner, et al. 2007). A
recent study that presented a cryo-electron microscopy structure of Paf1C complexed to Pol II
confirmed this observation, as crosslinking followed by mass spectrometry analysis found that
the vast majority of Rtfl's intracomplex contacts were mediated by the PID (Xu, et al. 2017).
This function is conserved in human cells (Cao, et al. 2015), in spite of the weaker association

of Rtfl with PaflC in higher eukaryotes. Given that the HMDygs3.;5, lacks the PID, its ability to
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promote H2Bub in an r#fiA strain suggests that it is able to function independently of PaflC.
Consistent with this, HMDej3.;5, largely restores H2Bub in rtfl4 pafid and rifld ctr9A
backgrounds (Piro, et al. 2012). However, it is possible that the established roles of the Pafl and
Ctr9 subunits (see Section 2.3.1) are redundant, and the ability of the HMD to function in the
complete absence of other Paf1C subunits is yet to be determined.

Several groups have described connections between PaflC and the ubiquitylation
machinery. Reconstituted yPaf1C was shown to interact directly with yBrel, but not with yRad6
or hEl (Kim and Roeder 2009). When added to an in vitro ubiquitylation reaction using HelLa
nucleosomes as a substrate, yPaflC surprisingly inhibited H2Bub (Kim and Roeder 2009).
Based on this result and an early report that showed decreased Rad6 association with the GALI
ORF upon deletion of RTFI, Kim and Roeder argued that PaflC stimulated H2Bub by
recruiting the ubiquitylation machinery to coding regions. However, a global analysis performed
by our lab observed a more modest reduction in Rad6 and Brel ORF occupancy in an r¢fi4
strain, detectable only at the most highly expressed genes (Van Oss, et al. 2016). Given that
catalysis of H2Bub stabilizes Brel at the protein level (Wozniak and Strahl 2014), it is possible
that the diminished Rad6 and Brel occupancy in an r#fl4 strain are an indirect effect of reduced

catalysis and that the HMD plays a more direct role in stimulating H2Bub.
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22  MATERIALS AND METHODS

2.2.1 Plasmid construction

The HMD mutants shown or described in Figures 8-11 were made by site-directed mutagenesis
using the QuikChangell kit (Agilent Technologies) and either pLS21-5 or pAP39 as the
template. To construct Rtfl and HMD derivatives for use in BPA crosslinking experiments, Dr.
Shirra created a smaller template for mutagenesis by subcloning an EcoRI-Smal fragment from
pLS21-5 into the same sites in pUC18 (Yanisch-Perron, et al. 1985). Following site-directed
mutagenesis using the QuikChange II kit, DNA fragments containing the amber codons
mutations were subcloned back into pLS21-5, using either EcoRI-Bglll fragments or Bgl/lI-Smal
fragments. These plasmids were then used as templates for PCR amplification in order to clone
either full-length Rtfl or HMD sequences into KB1140 using the Ndel and EcoRI restriction
sites. Note that the stop codon in the full-length Rtfl derivatives was changed from TAG to
TGATGA in the oligonucleotides used for amplification. All other plasmids used in this chapter

are described in the above Table 2.

2.2.2 Protein purification

Expression of Rad6 as well as wild-type and mutant HMD proteins was performed in E.coli
Codon+ (RIPL) or (RIL) cells (Stratagene). Cells expressing HMD proteins were grown in ZY
auto-induction media (Studier 2005) at room temperature for 16-24 hr; cells expressing Rad6
were grown in LB media to an OD of 0.6, induced with 100 uM IPTG, and grown overnight at

18 °C.
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Cells were harvested by centrifugation, then resuspended in lysis buffer (25 mM Tris-Cl
pH 8.0, 500 mM NaCl, 10% glycerol, 5 mM imidazole, 1 mM B-mercaptoethanol, and 1X
protease inhibitors (167pug/mL PMSF, 0.7ug/mL pepstatin, 0.5pg/mL leupeptin; 0.5ug/mL
aprotinin was also included in most preps)) and lysed with an EmulsiFlex-C3 homogenizer
(Avestin). Lysates were cleared by centrifugation at 30,000 x g. All proteins were purified by
nickel affinity chromatography (Ni-NTA agarose; Qiagen) at 4°C followed by digestion with
TEV protease, during dialysis into TEV cleavage buffer (20mM Tris-CI pH 8.0, 400mM NaCl,
8% glycerol, 1 mM B-mercaptoethanol), for 90 minutes at room temperature and then overnight
at 4°C. The amount of TEV protease added was based on the amount of protein present as
determined by Coomassie staining but was generally 1.5-3mg. Uncleaved protein and His-
tagged TEV protease were removed by a second round of nickel affinity chromatography
followed by ion exchange chromatography using HiTrap-SP and/or HiTrap-Q FF columns;
proteins were kept at 4°C throughout the purification process. Following binding to the HiTrap
columns, protein was washed in low-salt buffer (8% glycerol, 20mM Tris-Cl pH 8.0, 1 mM f-
mercaptoethanol, 60-100mM NaCl) and then eluted with an increasing salt gradient. Proteins
were then dialyzed into storage buffer and concentrated when necessary using a Vivaspin
concentrator (Millipore).

Rock, Shroom, and His-Shroom proteins were generous gifts from Jenna Zalewski from
Dr. Arndrew VanDemark’s lab. His-Rad6 protein was a generous gift from Dr. Jachoon Kim

(Korea Advanced Institute of Science and Technology).
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2.2.3 Western blot analysis

For whole cell extracts used in Figures 5, 6A, 8B, 8D, 11, 12, 13, and 14A, cells were grown to
mid- to late-log phase as determined by ODggo and mixed with a buffered solution (Tris-Cl pH
7.5) containing 10mM sodium azide. An equivalent number of OD units was harvested for each
sample. Pellets were resuspended in 75 pL of SUTEB buffer (10 mM Tris-CI pH 8.0, 1% SDS,
8 M Urea, 10 mM EDTA pH 8.0, and 0.01% bromophenol blue) and boiled for three minutes.
Cells were then lysed by bead beating, and extracts were diluted by adding 150 pL of additional
SUTEB buffer, then boiled again for one minute followed by a clarifying spin (10
minutes/14,000 rpm/4 °C). For some samples, SDS loading buffer was added to a final
concentration of 2X, which tended to improve band resolution on western blots. For extracts
used in Figures 9A and 9B, cells were grown to mid-log phase (3-4X10’ cells/mL) and
resuspended in RIPA buffer (50 mM HEPES-KOH pH 7.9, 2 mM EDTA pH 8.0, 0.1% SDS,
0.1% sodium deoxycholate, 1% Triton X-100, and 1X HALT protease inhibitor cocktail
(ThermoFisher)). Extracts were made by bead beating, and concentrations determined by
Bradford assay, essentially as described previously (Shirra, et al. 2005). Extracts used in Figure
16 were prepared by Dr. Shirra using a modification of the trichloroacetic acid (TCA)
precipitation method (Cox, et al. 1997). Briefly, cells were lysed using glass beads in the
presence of 20% TCA. Proteins were precipitated by a 3,400 x g centrifugation and pellets were
washed with 0.5 M Tris-Cl pH 8.0. The pellets were then resuspended in 0.5 M Tris-Cl pH 8.0,
boiled in the presence of SDS loading buffer, and extracts were collected from the supernatant
following an 18,000 x g centrifugation for 10 minutes. For chromatin samples in Figure 13,

chromatin was prepared by Dr. Shirra as previously described (Van Oss, et al. 2016).
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All samples were resolved on SDS-PAGE gels, blotted to a nitrocellulose membrane
(with the exception of a-Flag gels, which were blotted to PVDF membranes), and probed with
the indicated antibodies following blocking with 5% powdered milk. The antibodies used in this
chapter were a-H2Bub (Cell Signaling #5546; 1:1000 dilution), a-H2B (Active Motif #39237;
1:3000), a-Rtfl (1:2500) (Squazzo, et al. 2002), a-G6PDH (Sigma #A9521; 1:20000), o-Flag
(Clone M2) (Sigma #F3165; 1:1000), a-H3 K4Me® (Millipore #07-030; 1:2000), a-H3 K4Me’
(Active Motif #39159; 1:2000), a-H3 K79Me*? (Abcam #ab2621; 1:1000; note that this
antibody recognizes both di- and trimethylated H3 K79), a-H3 (1:30000) (Tomson, et al. 2011),
a-HA (Santa Cruz #sc-7392; 1:3000), a-c-Myc (9E10) (Covance #MMS-150P; 1:1000), a-His
(Abcam #18184;1:2500), and a-HSV (Sigma #H6030; 1:500). Blots were then probed with a
1:5000 dilution of the appropriate horseradish peroxidase-conjugated secondary antibody (either
donkey anti-rabbit, or sheep anti-mouse; GE Healthcare), and visualized via enhanced
chemiluminescence. For some blots, particularly a-H2Bub, a-H2B, a-Flag, and a-c-Myc blots,
milk was added to the secondary antibody in order to increase specificity, at concentrations of
3%, 5%, 2.5%, and 2%, respectively. Blots were visualized on either a Kodak Image Station
(440CF) or a Bio-Rad ChemiDoc XRS+ imager. Signal was quantitated using the ImageJ (NIH)

and Image Gauge (Fujifilm) software packages.

2.24 Silver staining

Samples used in Figure 15 were resolved on a 7-20% SDP-PAGE gradient gel. The gel was
placed in fixative (50% EtOH, 12% acetic acid, 0.1% formaldehyde) for ~30 minutes, washed
with 0.01% Na,S,03 and then twice with ddH,O, and then stained with 0.1% AgNO; for ~20
minutes. Developer (~280mM Na,Cos, 0.1% formaldehyde, 0.002% Na,S,03) was added, and
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the staining reaction was stopped by washing the gel in 10mM EDTA. The gel was then stored

in a 20%EtOH, 10% glycerol solution prior to imaging.

2.2.5 Serial dilution assays

The indicated plasmids were transformed into KY817 (Figure 6B, synthetic complete minus
uracil medium (SC-U), synthetic defined minus uracil medium (SD-U), synthetic defined minus
uracil minus histidine medium (SD-U-H), synthetic complete minus uracil plus 6-azauracil
medium (SC-U+6AU)), KY1290 (Figure 6B, SC-U, SC-U +Caffeine, and SC-U-H+Galactose
media), or KY1370 (Figure 10) and grown to saturation, then harvested, washed with sterile
water, and resuspended such that the concentration of each sample was equal to 1 X 10°
cells/ml. For Figure 6B, tenfold serial dilutions were plated on all media. For Figure 10, twofold
or threefold dilutions were then plated either to a growth control or to media containing the drug
S-fluoroorotic acid (5-FOA). For Figure 6B, 6AU was at a concentration of 50pg/mL, caffeine

was at a concentration of 15mM, and galactose was at a concentration of 2% (w/v).

2.2.6 Coimmunoprecipitation analysis

Plasmids pAP39, pAP46, and pJBO1 were transformed into KY 1759 and cells were grown to a
density of ~1.5X10" cells/mL. For samples that were analyzed by mass spectrometry,
formaldehyde was added to a final concentration of either 3% (first experiment/no RNAse
treatment) or 1% (second experiment/RNAse treatment), and cells were incubated with swirling
for two minutes at room temperature, followed by quenching for five minutes with swirling at

room temperature with either 375mM glycine (first experiment) or 125mM glycine (second
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experiment). Cells were pelleted, washed, and resuspended in SUME buffer (first experiment;
10mM MOPS pH 6.8, 1% SDS, 8M Urea, 10mM EDTA) or RIPA-like buffer (second
experiment; 50mM HEPES-KOH pH 7.5, 150mM NaCl, ImM EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate) with 1X HALT protease inhibitor cocktail. Whole cell extracts were
made by bead beating. For the second experiment, lysates in RIPA-like buffer were also
sonicated (1X20 seconds on setting 2, 4X20 seconds on setting 3, with one minute on ice in
between each pulse). For the first experiment, an equivalent volume of SUME extract was used
for each sample, while for the second experiment, volumes were normalized to concentration as
determined by Bradford assay. For the second experiment, 15uL of RNAse cocktail (Invitrogen,
#AM?2286) was added to the appropriate samples and incubated with lysates for 20 minutes with
rotation at room temperature. Lysates were diluted in IP buffer (150mM NaCl, 15mM
Na,HPOy, 2% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate) with 1X HALT, and TAP-
tagged proteins were purified by incubation with equilibrated Rabbit IgG-Agarose beads (Sigma
#A2909) for 2 hours with rotation at room temperature. Beads were washed once with IP buffer
with 1X HALT and three times with wash buffer (50mM NaCl, 10mM Tris-Cl pH 7.5) with 1X
HALT. Samples were eluted by boiling beads for three minutes in SUME plus bromophenol
blue and analyzed by western blotting as described above. Remaining sample was run ~1 cm
into an 8% SDS-PAGE gel, excised, destained, and sent for mass spectrometry analysis.

For affinity purifications shown in Figure 15, the same three plasmids were transformed
into KY2421 and cells were grown to a density of ~1.5X10” cells/mL. No formaldehyde was
added to these samples. Extracts were made as described above using RNP buffer (100mM
NaCl, 20mM HEPES-KOH pH 7.4, 0.1% NP-40) with 1X HALT and a sonication step, and the

volumes used were normalized to concentration as determined by Bradford assay. Extracts were
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pre-cleared by incubation with Sepharose CL-4B beads for 1.5 hours at 4°C. Pre-cleared lysates
were then incubated with Rabbit IgG-Agarose beads for two hours with rotation at 4°C, and
beads were washed five times with RNP buffer with 1X HALT. Samples were eluted by boiling
beads for three minutes in 1X SDS loading buffer and analyzed by western blotting and silver
staining as described above.

For affinity purifications shown in Figure 17, plasmids pKB1140, pKB1191, pKB1247,
and pKB1309 into KY2507, and cells were grown to a density of ~1.5X10" cells/mL. No
formaldehyde was added to these samples. Extracts were made using RNP buffer and 1X
HALT as described above except that no sonication step was performed, and the volumes used
were normalized to concentration as determined by Bradford assay. Lysates were incubated
with IgG Sepharose 6 Fast Flow beads for two hours with rotation at 4°C, and beads were
washed four times with RNP buffer with 1X HALT. Samples were eluted by boiling beads for

three minutes in 1X SDS loading buffer and analyzed by western blotting as described above.

2.2.7 Mass spectrometry

Tandem mass spectrometry analysis was conducted by the lab of Dr. Richard Gardner at the

Fred Hutchinson Cancer Research Center Proteomics Facility.

2.2.8 Invitro crosslinking with recombinant proteins

All proteins were stored in HEPES-KOH pH 7.9 and added as indicated at a concentration of

100pM to SmM BS? in a final reaction volume of 10.5uL. Reactions were incubated at 30°C for
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30 minutes, followed by addition of 40mM Tris-Cl pH 7.5 and incubation at room temperature

for 15 minutes. Samples were analyzed by western blotting as described above.

2.2.9 Far western analysis

One pg of each prey protein was resolved on an SDS-PAGE gel, and blotted to a nitrocellulose
membrane overnight at 4°C using prechilled transfer buffer. Following Ponceau staining,
membranes were washed with AC buffer (10% glycerol, 100mM NaCl, 20mM Tris-CI pH 7.5,
ImM EDTA, 0.1% Tween-20, ImM DTT, and 2% powdered milk) containing gradually
decreasing concentrations of guanidine-HCI. Membranes were washed in AC buffer containing
6M guanidine-HCIl for 30 minutes at room temperature, then in AC buffer containing 3M
guanidine-HCI for 30 minutes at room temperature, then in AC buffer containing 1M guanidine-
HCI for 30 minutes at room temperature, then in AC buffer containing 0.1M guanidine-HCI for
30 minutes at 4°C for 30 minutes at room temperature, then in AC buffer containing no
guanidine-HCI for 105 minutes at 4°C. Membranes were then blocked with 5% milk for 50
minutes at room temperature, then for 15 minutes at 4°C , and then incubated overnight at 4°C
with 10 pg of bait protein diluted in binding buffer (150mM NaCl, 20mM Tris-Cl pH 7.6, 0.5
mM EDTA, 10% glycerol, 0.1% Tween-20, ImM DTT, and 2% powdered milk). Membranes
were then probed with the indicated antibodies (a-Rtf1 (1:2500 dilution) (Squazzo, et al. 2002)
or a-His (Abcam #18184;1:2500)) for two hours at room temperature, then probed with a
1:5000 dilution of the appropriate horseradish peroxidase-conjugated secondary antibody (either
donkey anti-rabbit, or sheep anti-mouse; GE Healthcare), and visualized via enhanced

chemiluminescence.
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Table 1. Saccharomyces cerevisiae strains used in Chapter 2

Strain

Genotype

Used in Figure(s)

KY404

MATa rtfiA101::LEU2 his4-9126 lys2-1280
leu2A1 ura3-52 trplA463

13

KY524

MATo ppr24::HISG-URA3 his4-9126 lys2-
1286 leu2A1 ura3-52

14A

KY817

MATa ctr94::KanMX his4-9126 lys2-1286
leu2A1 ura3-52

KY903

MATa dotlA::HIS3 his4-9126 lys2-1280
his34200 leu2A1 ura3-52

9A, 9B

KY907

MATa setlA::HIS3 lys2-1286 his34200
leu2A1 ura3-52

9A, 9B

KY1021

MATa his4-9126 lys2-1286 leu2A1 trp1463

5, 14A

KY1290

MATo ctr94::KanMX GALIpr-FLOS-
HIS3::KanMX his34200 lys2-1286 leu2A1
ura3-52 trp1A463

KY1370

MATo rtfiA::ARG4 GALIpr-FLOS-
HIS3::KanMX TELVR::URA3 his34200
arg4-12 ura3-52 trplA463

9A-C, 10

KY1419

MATo 3HA-RTF1 his34200 lys2-1280
leu2A1 ura3-52 trplA63

13

KY1759

MATa rtfiA101::LEU2 his4-9126 lys2-1280
leu2A1 trplA63

9A-C; Tables 3 and 4

KY2124

MATa rtfiA::KanMX htal-htb1A::LEU2
hta2-htb2A::KanMX his34200 lys2-1286
leu2A1 ura3-52 trp1A463 pJH23-WT
[HTA1-HTBI1/HIS3/CEN/ARS/

Amp']

8B, 8C

KY2125

MATa rtfiA::KanMX htal-htbiA::LEU2
hta2-htb2A::KanMX lys2-1286 his34200
leu2A1 ura3-52 trplA63 pJH23-FL
[HTAI-FLAG-HTBI1/HIS3/CEN/
ARS/Amp']

8B, 8C, 9C

KY2167

MATo HTAI-htb1-K123R (hta2-
htb2)A::KanMX ura340

5,8D, 12A, 12B, 13, 14A

KY2239

MATo ctr9A::KanMX his4-9120 lys2-1280
trpl463

5

KY2241

MATa cdc734::KanMX his4-9126 lys2-
1280 trplA63

5

KY2243

MATo rtfl1A::KanMX his4-9126 lys2-1280
leu2A1 trpl463

KY2244

MATa leolA::URA3 his4-9120 lys2-1286
ura3-52 trp1463
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KY2271

MATo pafiA::KanMX his4-9126 lys2-1286
leu2A1 trp1463

KY2277

MATo rtfiA::KanMX his34200 leu2A1
trpl463

16A

KY2421

MATa rtfiA::ARG4 GALIpr-FLOS-
HIS3::KanMX TELVR::URA3 his34200
leu2A1 ura3-52 trplA63

8D, 11, 124, 12B, 15

KY2466

MATa rtf1A::LEU2 pafiA::URA3
ctr9A::KanMX cdc734::KanMX
leolA::URA3 leu2A1 ura3-52 trpl1463

12B

KY2507

MATa rtf1A::KanMX RADG-
13xMyc::KanMX his34200 leu2A1 ura3-52
trplA63

16A-D, 17

KY2566

MATa rtf1A::KanMX htal-htbIA::LEU2
hta2-htb2A::KanMX lys2-1286 his34200
leu2A1 ura3-52 trp1A63 pCD2 [HTAI-
FLAG-htb1-K123R/HIS3/
CEN/ARS/Amp']

8B, 8C

KY2600

MATo rtf14::KanMX 3xHA-BRE his34200
leu2A1 ura3-52 trplA63

16B

KY2713

MATa rtfiA::KanMX brelA::KanMX
RADG-13xMyc::KanMX his34200 leu2A1
ura3-52 trp1463

16C, 16D
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Table 2. Plasmids used in Chapter 2

Plasmid Construction Ye-as-t Promot Gene Product Markers
Origin er
pAP39 (Piro, et al. 2012) | apar | NESMyCHMDes [ gpp ) an®
152
pAP45 (Piro, et al. 2012) 2u ADHI NLS-Myc-Rtfl TRPI; Kan®
TAP tag was amplified
from pBS1539 and
. . NLS-Myc-HMDg;3. URA3;
pAP46 introduced into pAP39 21 ADHI (- TAP TRPI: Kan®
by homologous
recombination
pAP48 | (Van Oss, et al. 2016) o | appy | NES-Mye-HMDaa | pp ) gan®
139
pAP54 (Piro, et al. 2012) 2 apHi | NES-MYCHMDes | oy o o
152-E104K
E104K substitution was
. . NLS-Myc-HMDg;. URA3;
pJBO1 que in pAP46 by 51'te- 2n ADH]1 \-E104K-TAP | TRPI: Kan®
directed mutagenesis
recombination using PCR URA3;
pKB747 & CEN/ARS | CTR9 Ctr9-13XMye TRPI;
product made from AmpR
AP025/26 and pAP10 P
In vivo homologous URA3-
pKB748 recombination using PCR CEN/ARS | CTR9 Ctr9A975-1077- TRPI:
product made from 13XMyc AmpR
AP025/27 and pAP10 P
In vivo homologous URA3
pKB749 recombination using PCR CEN/ARS | CTR9 Ctr9A871-1077- TRPI:
product made from 13XMyc AmpR
AP025/28 and pAP10 P
pKB814 | (Van Oss, etal. 2016) 17 | OXHiSVS-TEV- Amp®
HMD 74.184
6XHis-V5-TEV- R
pKB993 (Van Oss, et al. 2016) T7 HMD 7. 155-E104K Amp
pKB1140 | (Van Oss, et al. 2016) on | Apmr | NESSRHSV-pp ian®
HMDg3.152
E104K substitution was
made in pTOPO yHMD 6XHis-V5-TEV- R
PRBLI6A | o by site-directed 7 | HMDqups0-E104K | ATP
mutagenesis
In vivo homologous
. . NLS-HSV- URA3;
pKB1191 | recombination using PCR 2n ADH]I HMDys.15,- TAP TRPI: Kan®

product made from
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AP080/81 and pAP46
pKB1228 | (Van Oss, et al. 2016). 2n ADHI | NLS-3XHSV-Rtfl | TRPI; Kan"
Smal fragment from
pKB1247 | pPC59 cloned into Smal 21 ADH]I Nlistf’;’ ?Eriiv- TRPI; Kan®
sites of pKB1228
PCR stitching used to
delete sequence for NLS-3XHSV-Rtf1 ) R
PRBI30Y | esidues 63-152 from 24| ADHL | ags sy tap | TRPI Kan
pKB1247
pLH157/ ADHI; sb;nigéltaTsZr ;[Eleol?i
s Loe . R
HIS3 (Van Oss, et al. 2016) 2u Ngg}"{[T (RNAT amber HIS3; Amp
suppressor tRNA
pLS21-5 | (Stolinski, ctal. 1997) | CENJARS | RTFI |  3XHA-Rtfl sl
(Sikorski and Hieter TRPI,
pRS314 1989) CEN/ARS n/a n/a Amp"
(Sikorski and Hieter URA3;
pRS316 1989) CEN/ARS n/a n/a Amp"
pTOPO- 6XH;
XHis-V5-TEV- R
yHMD 4. | (Van Oss, et al. 2016) T7 HMD 7413 Amp
139
23  RESULTS

2.3.1 Pafl, Ctr9, and Rtf1 regulate H2B K123ub

Though the requirement for the Rtfl HMD in promoting H2Bub is well established in both

yeast and higher eukaryotes (see Section 1.6), data concerning the role of other Paf1C members

are more equivocal. While most reports have found that H2Bub is nearly undetectable in strains

lacking Pafl (Wood, Schneider, et al. 2003; Xiao, et al. 2005; Wozniak and Strahl 2014), the

reported effects of CTR9 and CDC?73 deletion on H2Bub levels range from moderate (Xiao, et
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al. 2005) to severe (Wozniak and Strahl 2014). Interestingly, in human cells, depletion of Cdc73
leads to a reduction in H2Bub without a corresponding loss of H3 K4 Me® (Hahn, et al. 2012).
Furthermore, while several groups have reported a modest effect of LEO!I deletion on H2Bub
levels (Xiao, et al. 2005; Wozniak and Strahl 2014), another study showed that H2Bub was
undetectable in a leolA strain, while H3 K4 and K79 Me were unaffected (Thornton, et al.
2014).

I therefore examined the contribution of each PaflC subunit to global H2Bub in our
strain background, making use of deletion strains that were otherwise wild-type except for
marker genes, and a recently developed antibody which recognizes the modification directly
(see Section 2.3.2.2). I found that, while H2Bub was greatly diminished in c#94 and pafiA
strains, Rtfl is the only Paf1C subunit strictly required for detection of this modification in vivo.
Deletion of LEOI or CDC73 did not significantly affect H2Bub levels (Figure 5). Due to the
discrepancy with the result published by Thornton et al., PCR genotyping was performed on the
leolA strain used (K'Y2244), which revealed that LEOI was only partially deleted in this strain.
I therefore examined several independently constructed /eol4 strains with confirmed complete
deletions, including the deletion collection strain used by Thornton et al.; all strains tested
showed wild-type levels of H2Bub (data not shown). An early report suggested that Pafl, Ctr9,
and Cdc73 regulation of H2Bub may be an indirect effect of their role in stabilizing Rtfl, as
Rtfl was barely detectable by western blot upon deletion of any of these three subunits
(Mueller, et al. 2004). However, I observed a much more modest effect on Rtfl levels in these
strains (Figure 5).

As part of a larger collaboration with the VanDemark lab, I sought to characterize the

activity of mutant proteins that may be used for structural studies. I further examined the role of
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Figure 5: Ctr9, Pafl, and Rtfl regulate global H2B ubiquitylation in S. cerevisiae.
Western blot analysis was performed on the indicated strains. The H2B K123R control was run on the same gel as
the other samples. A long exposure permits visualization of H2B K123ub signal in the ctr94 and pafiA strains. The

experiment was conducted using biological triplicates and technical duplicates.

Ctr9 in promoting H2Bub, performing western blot analysis on strains expressing Ctr9 C-
terminal deletion mutants. Deletion of the residues 975-1077, representing the most C-terminal
portion of the protein, had no detectable effect on global H2Bub (Figure 6A). In contrast,
deletion of residues 871-1077 dramatically reduced H2Bub (Figure 6A), indicating that residues
871-974 are required to establish normal levels of the modification in vivo. Despite the large
reduction in H2Bub in the Ctr9A871-1077 mutant, the very subtle decrease in Rtfl levels was
statistically insignificant, suggesting a function for this region of Ctr9 that is separate from
promoting Rtfl stability (Figure 6A). Ctr9 protein levels were also examined and both mutant
proteins were expressed at levels similar to the wild-type protein, although proteolysis evident

in all three constructs made accurate quantitation difficult (data not shown).
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Figure 6: Ctr9 residues 871-974 are required for normal H2B ubiquitylation and resistance to
caffeine.
(A) Western blot analysis was performed on a ctr94 strain transformed with URA3-marked plasmids expressing
wild type, full-length Ctr9 or the indicated deletion mutants. The experiment was conducted using biological
triplicates derived from independent transformants. (B) Two ctr94 strains were transformed with wild-type Ctr9,
empty vector, or the indicated mutants, and tenfold serial dilutions were plated to growth control medium (SC-U or
SD-U) or various test media to look for phenotypes indicative of transcriptional defects. Cells plated to SD-U-H are
from a strain harboring the his4-9126 allele; growth on this medium is indicative of an Spt” phenotype. Cells plated
to SC-U-H+Galactose medium are from a strain in which the FLOS is under the control of a galactose-inducible
promoter and is fused to the HIS3 gene such that HIS3 is in frame with a naturally occurring cryptic promoter

within FLO8 (Cheung, et al. 2008). The experiment was conducted using biological duplicates derived from

independent transformants.
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To further explore the function of the Ctr9 C-terminus, serial dilution assays were
performed in order to assess transcription-related phenotypes in these mutants. Deletion of
CTR9 results in yeast cells that are unable to grow on medium containing caffeine, and
interestingly, the same Ctr9 residues required for normal H2Bub are necessary for normal
growth in the presence of caffeine (Figure 6B). Both mutants exhibited the Supressor of Ty
(Spt) phenotype, as indicated by their ability to grow on medium lacking histidine in a strain
where HIS4 expression is disrupted by the insertion of the Ty-derived o element in the 5'
noncoding region of the gene (Winston, et al. 1984), even though cells lacking Ctr9 entirely
show very little growth (Figure 6B, SD-U-H medium); however, the lack of a phenotype in the
ctr94 strain is likely due at least in part to the fact that these cells are much sicker than either C-
terminal mutant (data not shown). In contrast, neither mutant displayed sensitivity to the base
analog 6-azauracil (6AU), nor was either mutant capable of growth on medium lacking histidine
in a strain where the HIS3 gene is transcribed from a galactose-inducible cryptic promoter
(Figure 6B, SC-U-H+Galactose medium).

The Spt™ phenotype and defects leading to cryptic transcription within genes such as
FLOS often result from the same mutations and can be indicative of changes in overall Pol II
function (Cui, et al. 2016), while sensitivity to 6AU suggests a defect in transcription elongation
(Shaw and Reines 2000). This indicates that the H2Bub defect specifically observed in the
Ctr9A871-1077 mutant is likely not the result of a general defect in transcription. In contrast,
the specific sensitivity of the Ctr9A871-1077 to caffeine mirrors the H2Bub defect observed in
this mutant. The mechanisms underlying caffeine sensitivity in budding yeast are not fully
understood but are thought to be the result of changes to certain signaling pathways, and

mutants with defects in cell wall integrity are generally caffeine sensitive (Kuranda, et al. 2006).
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It seems likely, then, that the role of Ctr9 residues 871-974 in regulating H2Bub represents a
unique function of this region of the protein that is distinct from the well-characterized role of

Ctr9 in regulating Pol II transcription.

2.3.2 Genetic analysis of the Rtf1 HMD

Several residues within the HMD are known to be required for H2Bub in budding yeast. An
unbiased genetic screen identified the E104 residue as critical for HMD function, and
subsequent analysis found that substitutions of E104 eliminated both H2Bub as well as its
dependent methylation marks on H3 (Tomson, et al. 2011). Furthermore, these substitutions
resulted in phenotypes indicative of transcriptional defects, including impaired silencing of a
telomeric reporter, enhanced transcription from a normally cryptic promoter, and sensitivity to
6AU (Tomson, et al. 2011). This screen also revealed that substitutions of F123 largely
phenocopy substitutions of E104, although the reduction in H3 K4 and K79 methylation is only
partial, compared to the complete loss observed in E104 mutants (Tomson, et al. 2011).
Additionally, three sets of alanine scanning mutations were made based on sequence
conservation. Of these mutants, r#f1-108-110A and rtfI-102-104A, in which the critical E104
residue 1is mutated, are impaired in their ability to promote H2Bub and its
dependentmodifications (Tomson, et al. 2011). In order to better understand the specific roles
played by residues within the HMD, and to develop tools for in vivo and in vitro experiments, I

set out to construct and characterize a larger collection of HMD mutants.
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2.3.2.1 Multiple sequence alignment of Rtfl orthologs reveals highly conserved residues
within the HMD

In order to identify highly conserved residues within the HMD that are likely to be functionally
important, I performed a multiple sequence alignment of 73 fungal Rtfl species. Although our
lab has previously published Rtfl alignments examining a handful of model organisms (Warner,
et al. 2007; Tomson, et al. 2011), no large alignment examining fungal Rtfl proteins had
previously been conducted. I focused my analysis on residues 74-184, as this larger HMD-
containing domain was identified in an earlier bioinformatic analysis conducted by the
VanDemark lab (Van Oss, et al. 2016).

Within these boundaries, there are three regions of high conservation, two of which fall
within the boundaries of the minimal functional HMD (residues 63-152). The region spanning
F80 to R110 contains many highly conserved residues; strikingly, R103, E104, and R110 are
invariant among the species examined (Figure 7). There is also a small pocket of conservation
spanning residues R147 to R151; R147 is found in 68/73 species, while R151 is present in 72/73
species. Finally, there is another region of moderately high conservation, roughly spanning
residues L166 to K176; R173 is present in 70/73 species examined. While this region lies
outside of the minimally functional HMD as defined by Piro et al., it remains possible that this

region of Rtf1 modulates HMD function in the context of the full-length protein.

2.3.2.2 Analysis of H2B K123ub in HMD mutants

Dr. Adam Wier, a former member of the VanDemark lab, has solved the crystal structure of the
minimal HMD74.139 construct. Mapping the degree of sequence identity among Rtfl orthologs
onto a surface representation of the HMD structure showed that many of the most conserved

residues are surface exposed (Figure 8A). Guided by this evolutionary and structural data, I
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Figure 7: Multiple sequence alignment of Rtfl orthologs reveals highly conserved residues within
the HMD.
Multiple sequence alignment of 73 Rtfl proteins from the Ascomycota phylum generated using Clustal Omega
(Sievers, et al. 2011) and visualized via Jalview (Waterhouse, et al. 2009). The region of the protein corresponding
to residues 74-184 in S. cerevisiae is shown; the amino acid boundaries for all other species are included with the
species label. Darker blue indicates more highly conserved positions, which is also presented as a histogram

(bottom).
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performed extensive mutagenesis of RTFI and assessed the effects of substitutions within
HMD74.139 on bulk H2B K123ub levels. Substitutions E104A and R110E, as well as the
previously identified E104K substitution, eliminated detectable H2B KI123ub while
substitutions D91A, E100A, L107A, F108A, R110A, Q115A, and R126A greatly reduced the
mark (p<0.05) (Figures 8B-D). Initially, this analysis was performed on strains in which H2B
bears a FLAG epitope; this strategy has conventionally been used to detect the modification by
western blot due to the lack of a commercially available antibody that detects the mark in yeast.
This analysis identified several substitutions that resulted in hyperubiquitylation of H2B
(Figures 8B and 8C). However, our lab recently obtained an antibody that recognizes the
modification directly and found that hyperubiquitylation as detected by the FLAG system was
generally artifactual (Cucinotta, et al. 2015). I therefore repeated my analysis on a subset of
mutants using a strain with untagged H2B and the commercial a-H2Bub antibody. Mutants with
reduced H2Bub levels as identified by the FLAG system were also deficient as measured by the
new antibody; however, those identified as hyperubiquitylated were generally indistinguishable

from wild-type (Figure 8D and data not shown).

2.3.2.3 Analysis of H3 K4 and H3 K79 methylation in HMD mutants

In addition to examining H2Bub levels in these mutants, I also measured H3 K4Me2, H3 K4Me®
and H3 K79Me?” levels in all mutants except for the S90 mutants (Figures 9A and 9B).
Importantly, I observed that all HMD mutant proteins are normally expressed, with the
exception of the E104K protein, which is expressed at about ~50% of wild-type levels, and the
E100A and E102A proteins, which showed small (~20%) but statistically significant reductions

in expression (Figures 9A and 9B). I observed a strong correlation between relative H2B

52



A

B
Percent Identity
0% 100%
o " .
C. % Modified H2B (Normalized to WT) D
? *
| ok * > I H2B K123ub [==
15 & H2B K123ub
I i *;* (Long Exposu:le)
) I I \ T ————

GEPDH [ e s e o o e e e o e o e e —]

PO o o y e\»v+vvﬁi F & y &
P FEFT IS E T IS S EL LS 2 S

& &

al
ri2en (\y\)"
R

R128

= /
\° 75

Figure 8: Identification of HMD residues required for H2B K123ub.
(A) Surface view of HMD74.139 with sequence identity among 74 fungal Rtfl orthologs mapped onto the surface.
Red indicates highest conservation. See Figure 7 for the associated alignment. This figure was made by Dr.
Andrew VanDemark and is used with permission. (B) Anti-FLAG western blots were performed on an rtf14 strain
in which both genomic copies of the genes encoding H2A and H2B have been deleted and a single copy of FLAG-

tagged HTAI-HTBI is expressed on a plasmid. This strain was transformed with empty vector or plasmids
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expressing wild-type, full-length HA-Rtf1 or full-length Rtfl derivatives with the indicated substitutions in the
HMD. Strains transformed with HA-Rtfl in which the plasmid borne copy of HTAI-HTBI is untagged or carries
the H2B K123R substitution serve as negative controls. Both unmodified H2B and the more slowly migrating H2B
K123ub are detected by the antibody. (C) Quantitation of western blots shown in Panel B. Values represent the
mean of 3-4 biological replicates. Error bars represent standard error of the mean. One star indicates a significant
(p<.05) difference from wild type, and two stars indicates a highly significant (p<.002) difference. (D) Western blot
analysis was performed on an rifi4 strain transformed with plasmids expressing wild type, full-length HA-Rtf1 or
derivatives with the indicated substitutions within the HMD. The experiment was conducted using biological
duplicates derived from independent transformants. (E) Ribbon diagram of HMD-, 39. Residues at which
substitutions diminished (yellow) or did not diminish (white) H2B K123ub are indicated. Dashes indicate hydrogen

bonds. This figure was made by Dr. Andrew VanDemark and is used with permission.

K123ub and both H3 K4Me® and H3 K79Me™” levels, while H2B K123ub was less well
correlated with H3 K4Me? (Figure 9C). In addition to the previously identified E104 residue,
residues D91 and R110 seem to be most important for HMD function; in particular, the D91A
and R110E mutants have very little detectable H3 K79Me*”, consistent with the fact that these
mutants are the most severely impaired for H2Bub.

Five of the substitutions tested were also made in plasmids expressing HMDgs3. 15, rather
than full-length Rtf1 (Figure 9B). As with full-length Rtfl, the E104K substitution eliminated
all detectable H3 K4 and H3 K79Me””. Though the D91A substitution does not greatly affect
expression of full-length Rtfl, making this substitution in HMDsgs.15, dramatically reduced
expression and, consequently, both H3 K4 and H3 K79Me?” were nearly undetectable.

Interestingly, in the context of the crystal structure, the D91 and R110 residues form a
salt bridge. To investigate if these two residues are important for HMD function due to a role in

maintaining its active conformation, as opposed to a role in mediating interactions with other
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Figure 9: H2Bub defects in HMD mutants are correlated to defects in H3 K4 and H3 K79Me.
(A, B) Western blot analysis was performed on an r#fi4 strain transformed with empty vector, or plasmids
expressing wild type, full-length HA-Rtf1 or derivatives with the indicated substitutions within the HMD. In Panel
B, an rtfiA strain was also transformed with a 2-micron plasmid overexpressing full-length Myc-Rtf1 or plasmids
overexpressing wild type Myc-HMDy;_ 15, or derivatives with the indicated substitution (denoted with an asterisk).
Strains in which the H3 K4 and K79 methyltransferases have been deleted (HMTA; seti4 (H3 K4Me® and H3
K4Me? strips) and dot14 (H3 K79Me*” strip)) serve as negative controls for the modifications tested and were run

on the same gel. (C) Scatter plots showing correlation between relative H3 K79Me*” (top), H3 K4Me® (middle), or
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H3K4Me” (bottom) and H2B K123ub levels in r#flA strains transformed with plasmids expressing 22 full-length
HA-Rtfl derivatives with amino acid substitutions in the HMD. H3 K79Me?” and H3 K4Me” levels are normalized
to total H3, and H2B K123ub levels represent percent H2B modified (H2B K123ub/total H2B), as determined by
western blotting (see Figure 8C). Values are reported relative to wild type, which was set to one, and represent the

mean of three biological replicates. Trendlines were generated by performing a standard linear regression.

molecules, I sought to reconstitute the salt bridge by making a D91R/R110D double mutant.
This double mutant remained incapable of stimulating H2Bub, however (Figure 8B), and
analysis of H3 K4 and H3 K79Me”” showed that the double mutant was less active than either

of the single mutants (data not shown).

2.3.2.4 Analysis of telomeric silencing in HMD mutants

H2Bub and its dependent H3 K4 and H3 K79Me marks are required for the silencing of a
telomeric reporter gene, and an early report demonstrated that Rtfl is also required for this
silencing (Ng, Dole, et al. 2003). Subsequently, it was shown that overexpression of the HMD
in rtfid cells largely rescues this silencing defect (Wozniak and Strahl 2014). I therefore
examined silencing in my HMD mutants, making use of a well-characterized reporter system
(Singer, et al. 1998) in which URA3 is expressed from a telomeric locus (note that our reporter
is slightly different then that described by Singer et al. in that URA3 is at a different telomeric
locus). I found that the telomeric silencing phenotype is highly sensitive to H2Bub levels, as
mutants defective for H2Bub are also defective for silencing (Figure 10). This phenotype is
therefore a useful tool for genetic screens that seek to identify suppressors of mutations within
the HMD. I also tested these mutants for sensitivity to 6AU, as well as for cryptic initiation and

the Spt™ phenotype, but saw little correlation to ubiquitylation defects observed in the HMD
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mutants (data not shown). With respect to the cryptic initiation and Spt” phenotypes, however,
this is likely due at least in part to technical issues related to expressing these mutants from
plasmids, as integrated Rtf1-E104K and H2BK123R strains exhibit these phenotypes.

It should be noted that the general applicability of the reporter used to assess telomeric
silencing in these studies was called into question by a study which found that deletion of the
gene encoding Dotl, the H3 K79 methyltransferase, disrupted silencing at a relatively small
number of telomeric loci (Takahashi, Schulze, et al. 2011). However, telomeric silencing is also
dependent on H3 K4 methylation (Krogan, Dover, et al. 2002). Interestingly, a more recent
study found that silencing of the reporter gene was also disrupted when both Brel and the HMD
were overexpressed, a finding validated at two naturally silenced telomeric loci (Wozniak and
Strahl 2014). Given that H2Bub is mislocalized to telomeric regions when the HMD is
overexpressed outside of the context of PaflC (Piro, et al. 2012; Van Oss, et al. 2016), this
suggests that normal telomeric silencing may depend on both the presence of H2Bub at actively

transcribed genes, and its absence at telomeres.

2.3.2.5 HMD function does not appear to be regulated by phosphorylation of S90

The Saccharomyces Genome Database (www.yeastgenome.org) contains data, derived
primarily from high-throughput studies, which indicate sites of post-translational modifications.
One residue within the HMD, S90, has been identified as a phosphorylation site. Although this
site was identified in a study that used quantitative mass spectrometry to identify Cdkl
substrates (Holt, et al. 2009), the phosphoGRID database (https://phosphogrid.org/) identifies
residues 90-93 as a Casein Kinase II motif. To examine whether phosphorylation of S90 might
regulate the ubiquitylation activity of the HMD, I made an alanine substitution mutant at S90 as

well as the phosphomimetic S90E substitution, and examined the ability of these mutant HMD
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Figure 10: HMD residues required for normal H2Bub are also required for silencing of a telomeric
reporter gene.
An rtfl14 strain that contains the URA3 gene at a telomeric locus (near TEL-VR) was transformed with empty vector
or TRPI-marked plasmids expressing wild type, full-length HA-Rtf1 or full-length HA-Rtf1 derivatives with the
indicated substitutions in the HMD. Twofold (top) or threefold (bottom) serial dilutions (leftmost spot: 1X10®
cells/mL) were plated to control medium (SC-tryptophan (W)) or to medium containing 5-fluoroorotic acid (5-
FOA), which causes toxicity in strains expressing URA3, indicating a defect in telomeric silencing (Warner, et al.
2007). The experiment was conducted using a minimum of two biological replicates derived from independent

transformants.
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proteins to promote H2Bub. Both the S90A and the S90E mutants exhibited a ~50% reduction
in H2Bub (Figure 11), indicating that, while this residue is important for HMD function, this

function may not be regulated by phosphorylation.

2.3.3 A minimal HMD fragment promotes H2B K123ub in the absence of all Paf1C

members

Based on sequence conservation (Figure 7) and domain mapping performed by Dr. Adam Wier
(Van Oss, et al. 2016), and as a first step in obtaining structural data on the HMD, Dr. In-Ja
Byeon in Dr. Angela Gronenborn’s lab performed NMR on a larger HMD fragment containing
residues 57-184. Preliminary assignments of this domain indicated the presence of a structured
region containing residues 74-139, while residues 140-184 appeared poorly ordered (Van Oss,
et al. 2016). I therefore asked whether a minimal 66-amino acid HMD construct, consisting only
of residues 74-139 tagged with a Myc epitope and a nuclear localization sequence, was capable
of promoting H2B K123ub. When expressed in an r¢f14 background, both Myc-HMDg3.15, and
Myc-HMD74.139 restored global H2B K123ub to wild-type levels (Figure 12A). Remarkably,
expression of either Myc-HMD74.139 or Myc-HMDeg3. 152 in a quintuple deletion strain lacking all
endogenous PaflC genes also strongly rescued H2B K123ub levels (Figure 12B, compare lanes
4 and 6 with lane 1). Interestingly, full-length Myc-Rtf1 only weakly stimulated H2B K123ub

in this context.
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Figure 11: HMD function does not appear to be regulated by phosphorylation of S90.
Western blot analysis was performed on an r¢f14 strain transformed with plasmids expressing wild-type, full-length
HA-Rtf1 or derivatives with the indicated substitutions within the HMD. The experiment was conducted using

biological triplicates derived from independent transformants.
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Figure 12: The HMD promotes H2Bub in the absence of all Paf1C subunits.

(A, B) Western blot analysis to detect the indicated proteins was performed on r¢f14 (Panel A) and rtf14 pafiA

ctr94 cdc734 leolA strains (Panel B) transformed with empty vector, a low-copy plasmid expressing full-length
HA-Rtf1, or high-copy plasmids expressing full-length Myc-Rtf1, wild type or mutant Myc-HMDy;3.152, or Myec-

HMD74.139. An H2BK123R strain serves as a negative control. For Panel B, HA-Rtf1 transformed into an rtf14

strain was run on the same gel as the other samples. Both experiments were conducted using a minimum of three

biological replicates derived from independent transformants.
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2.3.4 The HMD stimulates H2Bub on chromatin

Previous studies in our lab indicated that a domain outside of the HMD, known as the open
reading frame association region (OAR) and consisting of Rtfl residues 201-395, directly
interacts with the phosphorylated form of the Pol Il-associated elongation factor Spt5 and is
primarily responsible for the association of full-length Rtfl with active chromatin (Warner, et
al. 2007; Mayekar, et al. 2013; Wier, et al. 2013). Accordingly, an Rtfl AOAR mutant exhibits a
dramatic reduction in H2Bub (Mayekar, et al. 2013). Nevertheless, when overexpressed and
tethered to a nuclear localization signal, the HMD is able to associate with chromatin (Piro, et
al. 2012). However, as the ability of the HMD to promote H2Bub had only been observed in the
context of whole cell extracts, and given that the HMD likely does not associate with other
Paf1C members, it remained possible that the HMD acted to ubiquitylate the pool of H2B that is
not integrated into chromatin as part of the nucleosome. I therefore examined H2Bub levels
from the chromatin fraction isolated by Dr. Margaret Shirra from rt¢fi4 strains overexpressing
HSV-HMD or HSV-Rtfl from plasmids, as well as a strain endogenously expressing HA-Rtf1. I
found that the ability of the HMD to restore H2Bub on chromatin was comparable to its ability
to restore the mark globally (Figure 13). However, in contrast to Myc-HMD, the ability of
HSV-HMD to promote H2Bub is substantially less than that of full-length HSV-Rtf1, both on
chromatin and globally. This is likely an artifact of the epitope tag and explains the lack of
robustness in ChIP signal from these strains (Van Oss, et al. 2016). Moving forward, it would

be preferable to use Myc-HMD whenever possible.
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Figure 13: The HMD stimulates H2Bub on chromatin.
Western blot analysis was performed on chromatin fractions or whole cell extracts from an r¢f74 strain expressing

the indicated plasmids. A strain endogenously expressing HA-Rtfl and an H2BK123R strain serve as positive and

negative controls, respectively. The experiment was conducted using biological duplicates derived from

independent transformants and two technical replicates.
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2.3.5 Identification of HMD-associated proteins

To test the hypothesis that the HMD promotes H2Bub through a direct interaction with another
protein, I used affinity purification followed by mass spectrometry analysis to identify proteins
associated with the HMD in vivo. A TAP-tagged HMDs3.15, derivative was used as the bait. In
addition to an untagged control, I also purified the inactive HMDg3.15» E104K mutant. A
previous lab member, Anthony Piro, had conducted a similar experiment under native
conditions; however, no copurifying proteins specific to the active HMD were detected.
Because the relevant protein-protein interaction might be transient or low affinity, formaldehyde
was added to the cells to crosslink associated proteins prior to immunoprecipitation.
Purifications were conducted in biological triplicate, and following confirmation of specific and
efficient immunoprecipitation of TAP-tagged constructs, samples were sent to Dr. Richard
Gardner at the University of Washington for mass spectrometry analysis.

A filtering criteria based on peptide counts, the ratio of peptides for a given protein in
the untagged samples to that in HMD-TAP samples, and p-value as determined by a Student's
T-test resulted in a list of 27 "top hits." Gene Ontology (GO) analysis was performed on these
27 proteins. GO analysis by process revealed a highly significant (p<.00005) enrichment for
genes involved in RNA processing, DNA-dependent transcription termination, and RNA
metabolism. GO analysis by function revealed a highly significant enrichment for two related
functions, RNA-dependent ATPase activity and RNA helicase activity. To enrich for genuine
protein-protein interactions and reduce crosslinking mediated by RNA, the experiment was
repeated with extracts treated with RNAse. There was considerable overlap between the two
datasets. Using the same filtering criteria, 12 of the 27 proteins identified as top hits in the first
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Table 3. Proteins associated with HMDg;_;5; in vivo.

Peptides were identified by tandem mass spectrometry of samples purified from an r#f/4 strain expressing wild-

type or mutant TAP-tagged HMDg;.15, derivatives or an untagged control. The numbers shown for untagged,

HMD-TAP, and E104K-TAP represent total peptide counts from three biological replicates. Data are shown for

Rtf1 (bold) and the 12 proteins identified with high confidence in two independent experiments (values given are

from the first experiment). No peptides were detected for the E2 and E3 enzymes Rad6 and Brel (red). Protein

functions for most proteins are taken from the Saccharomyces genome database (www.yeastgenome.org).

HMD HMD- | Untagged i
Protein Function Untagged TAP E104K | /HMD- I;
] -TAP | TAP | Y€
Paf1C subunit, elongation factor,
Rtf1 required for H2Bub 9 84 53 0.11 0.000
Spt6 Histone chaperone 0 13 21 0.00 0.003
Dbp3 DExD/H-box RNA-dependent 0 9 5 0.00 0.040
ATPase
Zprl Essentlal' prgtem, involved in DNA 0 3 14 0.00 0.016
replication stress response
Chel Large sgbqnlt of nu?lear mRNA cap- 0 7 4 0.00 0.002
binding protein complex
Dstl Elongation factor‘(TFHS in higher 0 5 7 0.00 0.007
organisms)
DEAD-box RNA helicase, member
Sub2 of TREX mRNA export complex ! 26 27 0.04 0.012
Prp43 DEAH-box RNA helicase 1 11 17 0.09 0.002
DNA-binding protein involved in
Rfal DNA replication, repair, 1 11 8 0.09 0.011
recombination
Essential subunit of FACT histone
Sptl6 chaperone complex, promotes H2Bub ! 10 25 0.10 0.016
Hasi | /TP-dependent RNA helicase, ! 9 13 0.11 | 0.016
involved in ribosome biogenesis
Pus1 tRNA:pseudouridine synthase 1 9 12 0.11 0.001
Member of nuclear pore complex,
Kapl23 required for import of histones H3 1 8 9 0.13 0.035

and H4
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Rad6

Ubiquitin conjugase (E2), partners
with Brel to specifically
monoubiquitylate H2B

N/A N/A

Brel

Ubiquitin ligase (E3), partners with
Rad6 to specifically
monoubiquitylate H2B

N/A N/A’

Table 4: RNAse treatment reduces association of proteins with HMDg; 5,

Peptides were identified by tandem mass spectrometry of samples purified from an r#fI4 strain expressing a wild-

type, TAP-tagged HMDyg; 15, derivative or an untagged control. The numbers shown represent total peptide counts

from three biological replicates. Data are shown for Rtfl (bold) and the 12 proteins identified with high confidence

in two independent experiments (values given are for the second experiment), and the E2 and E3 enzymes Rad6

and Brel (red).

. Untagged + HMD-TAP +
Protein Untagged HMD-TAP RNase RNase
Rtf1 7 53 4 35
Spt6 2 59 0 23
Dbp3 0 53 0 23
Zprl 1 33 1 16
Cbcl 0 30 1 8
Dstl 0 22 0 12
Sub2 11 80 7 51
Prp43 1 48 1 23
Rfal 0 44 0 22
Spt16 7 104 12 57
Hasl 0 40 0 18
Pusl 0 23 1 26
Kapl23 4 39 2 9
Rad6 0 0 0 0
Brel 0 6 0 8
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experiment were detected in the second experiment (Tables 3 and 4). The total number of
peptides detected for most proteins decreased substantially upon RNAse treatment (Table 4).
Furthermore, the majority of peptides detected in RNAse-treated samples were found in a single
sample (data not shown), suggesting that RNAse treatment in this sample may have been
inefficient and that the reduction in peptides observed upon RNAse treatment may be an
underestimate.

Although the data from these experiments were robust and largely reproducible, none of
the top hits identified in the first experiment exhibited reduced association with the inactive
HMD-E104K mutant. In the first experiment, no peptides were detected for the E2 and E3
proteins Rad6 and Brel (Table 3). In the second experiment, no Rad6 peptides were detected,
while six Brel peptides were detected in the TAP-tagged, untreated sample and eight Brel
peptides were detected in the TAP-tagged, RNAse-treated sample, compared to none in the
untagged samples (Table 4). Though top hits Spt6, Spt16, and Dstl (TFIIS in mammals) have
known connections to PaflC (Squazzo, et al. 2002; Kim, et al. 2010; Mayekar, et al. 2013;
Dronamraju and Strahl 2014), only Sptl6 mutants are known to have an H2Bub defect
(Fleming, et al. 2008). Given the cooperative relationship between human Pafl1C and TFIIS in
promoting transcription elongation (Kim, et al. 2010), I examined global H2Bub levels in yeast
in a dst14 strain and found that they were indistinguishable from wild type (Figure 14A). To ask
whether any of the other proteins identified as HMD-associated might be functionally connected
to Rtfl and/or Paf1C, I made use of a measurement known as evolutionary rate covariation
(ERC). ERC utilizes the observation that proteins that experience a similar acceleration or
deceleration to the rate of changes in their primary sequence over a given evolutionary

timeframe are more likely to be physically interacting and/or functionally related (Clark, et al.
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2012). ERC values between two proteins are reported as a correlation coefficient, with +1
indicating the maximum possible correlation between two proteins.

I therefore examined ERC values between Rtf1 and the 12 proteins I identified with high
confidence as Rtfl-associated. Rtfl showed high ERC values with Spt6, Sptl6, and Dstl,
consistent with previously identified physical and functional interactions between these proteins
and Paf1C. Amongst the 9 other proteins identified for which no functional relationship to Rtfl
is known, two proteins, Sub2 and Kap123, stood out as having particularly high ERC values
(Figure 14B). I therefore examined ERC between these two proteins and each Paf1C member,
and found high ERC between both proteins and each Pafl1C subunit (Figures 9C and 9D). Thus,
while the fact that these two proteins still associate with the inactive HMD-E104K mutant
suggests that they may not be important for HMD-mediated H2Bub, it is nevertheless possible
that there are functional connections between these proteins and PaflC that are yet to be
elucidated (see Section 2.4).

Because of the large number of proteins that copurified with the HMD, I decided to
repeat the experiment without formaldehyde crosslinking. Although a similar experiment had
been conducted previously by Anthony Piro, the efficiency of the immunoprecipitation, as
measured by the number of Rtfl peptides detected, was low. I was able to immunoprecipitate
the HMDg3.15.-TAP and HMDg;3.15,-E104K-TAP proteins efficiently under native conditions
(data not shown). However, silver staining of the eluate revealed a large number of copurifying
proteins, despite the fact that no crosslinker was used (Figure 15). We therefore turned to other

methods to identify protein-protein interactions with the HMD.
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Figure 14: In vivo and bioinformatic analysis of HMD-associated proteins
(A) Western blot analysis of global H2Bub levels in 3 biological replicates of a dst/A strain. (B) Evolutionary rate
covariation (ERC) group analysis of RTFI and high-confidence Rtfl-associated proteins. Proteins that exhibit high
ERC are shown in red. (C-D) ERC group analysis of Paf1C and K4P723 (C) and SUB2 (D). The web tool used to

generate these data was designed by Dr. Nathan Clark and colleagues (Wolfe and Clark 2015).
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Figure 15: Many proteins copurfiy with the HMD even under native conditions
Silver stained gel showing the eluate from affinity purifications of the indicated constructs, conducted in biological
triplicate. IgG heavy and light chain are released from the agarose beads during the elution step. Samples represent

biological triplicates derived from three independent transformants.
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2.3.6 Rtfl directly interacts with the ubiquitin conjugase Rad6 through the HMD

Informed by the results of my genetic analysis, Dr. Margaret Shirra employed an in vivo
crosslinking strategy that makes use of the non-natural, photo-reactive phenylalanine analog p-
benzoyl-L-phenylalanine (BPA). When grown in the presence of BPA, cells carrying a plasmid
expressing an engineered aminoacyl-tRNA synthetase and a tRNA that recognizes the amber
(UAG) codon will incorporate BPA into the elongating polypeptide chain by amber suppression
(Chin, et al. 2003). Dr. Shirra mutagenized plasmids expressing either full-length HSV-Rtf1 or
HSV-HMDg3 152, changing a single codon within the HMD to an amber codon at sites that,
when mutated, did not impair the HMD's ability to promote H2Bub but were near residues that
were critical for this function. One exception was F108. Although the F108A substitution nearly
abolishes H2B K123ub, we reasoned that incorporation of a phenylalanine analog at this
location might restore function. Indeed, Dr. Shirra found that these BPA-containing proteins,
including the F108 derivative, are able to promote H2B KI123ub-dependent histone
modifications (Van Oss, et al. 2016).

When exposed to long-wave UV light, proteins containing BPA form crosslinks with a
short linker distance to the side chains of nearby amino acids (Dorman and Prestwich 1994),
leading to the identification of proteins that are in direct physical contact. To determine the
identity of proteins crosslinked to the HMD, Dr. Shirra focused on components of the H2B
K123ub pathway. One enticing candidate was Rad6, the E2 that catalyzes H2B K123ub in
cooperation with the E3 Brel. Dr. Shirra therefore asked if the HMD interacts directly with
Rad6 by performing in vivo BPA crosslinking experiments with all 14 of our plasmid-encoded

HSV-Rtfl and HSV-HMDsg;.15, derivatives in an rtfi4 RADG6-13xMyc genetic background.
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Probing for Myc revealed a slower migrating band that was present exclusively in HSV-Rtfl
and HSV-HMDg;_;5, derivatives where BPA was incorporated in place of T105, F108, or Q112
(Figures 16A and 16B). This band was not detected when Rad6 was untagged or when the
inactivating E104K substitution was introduced into the HSV-Rtf1 derivatives that contained
BPA at positions 108 or 112 (Figure 16A). The specific detection of this band in both the full-
length and HMD-only constructs under conditions of BPA crosslinking at the same three
residues, and not in the E104K mutant context, strongly suggests that Rtfl directly contacts
Rad6 through the HMD and that this interaction is required for the establishment of H2Bub.

To test if the Rtfl1-Rad6 interaction is dependent on Brel, Dr. Shirra performed BPA
crosslinking experiments with an rtf14 brelA RADG6-13xMyc strain and the same HSV-Rtf1 and
HSV-HMDg;.15, BPA derivatives where crosslinking to Rad6 was observed. Interestingly, for
the HMDg3.15, BPA derivatives, we found that the extent of crosslinking to Rad6 was unaffected
by the absence of Brel (Figure 16C). For the full-length Rtfl BPA derivatives, we observed a
substantial reduction in the level of the crosslinked species, which may suggest that regions in
Rtfl outside the HMD impose a requirement for Brel in facilitating the interaction with Rad6,
although this interpretation is somewhat complicated by the partial reduction in Rtfl levels in

strains lacking Brel (Figure 16D).

2.3.7 Attempts to detect the HMD-Rad6 interaction by alternative methods

The HMD-Rad6 interaction as detected by Dr. Shirra's BPA experiments is quite convincing,
given the dependence on both BPA and the E104 residue, and the fact that the interaction was
detected at the same locations in both the full-length and HMD-only BPA derivatives.
Nevertheless, I did not detect any Rad6 or Brel peptides for any of the samples in either mass
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Figure 16: The HMD directly interacts with the ubiquitin conjugase Radé6.
(A-D) These experiments were performed by Dr. Margaret Shirra. All experiments were conducted using a
minimum of two biological replicates derived from independent transformants. (A,B) Western blot analysis of an
rtfl4 RADG-13XMyc strain transformed with pLH157/HIS3 and plasmids expressing WT HSV-Rtfl (Panel A) or
HSV-HMDg; 15, (Panel B), or their respective derivatives in which BPA is incorporated at the indicated position. In
Panel A, indicated plasmids also contain the inactivating E104K substitution. All samples were grown in the
presence of BPA and exposed to UV light. (C,D) Western blot analysis was performed with samples processed as
in (A) and (B), with the indicated HSV-HMDg;_15, (Panel C) or HSV-Rtfl (Panel D) derivatives expressed in an

rtf14 RADG6-13XMyc strain or an rtf1A4 brelA RADG6-13XMyc strain. Top row shows crosslinked species.
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spectrometry experiment that I conducted (Tables 3 and 4). Given the high sensitivity of
western blot analysis, I asked whether the interaction could be detected by a directed
coimmunoprecipitation under native conditions. As an alternative approach to my mass
spectrometry experiments, which used HMDg3.15, as the "bait" protein, I also used full-length
Rtf1 as the bait, and designed a plasmid expressing Rtfl with sequence encoding residues 63-
152 deleted. This approach thus asked whether the HMD was necessary for the interaction
between Rtfl and Rad6. However, although I successfully and efficiently immunoprecipitated
all three TAP-tagged proteins, no Rad6 was detected in the bound fraction of any sample
(Figure 17).

I next sought to determine if I could detect the HMD-Rad6 interaction in vitro, using
purified components and the BS® crosslinker. However, upon the addition of BS?, HMD174.130
formed multimers (Figure 18, reaction 1), and no unique species indicative of an HMD-Rad6
heterodimer were observed upon addition of Rad6 (Figure 18, reactions 2 and 3). After
observing in vitro activity for a larger, HMD74.134 construct, and not for HMD74.139 (see Section
3.3.1), I sought to detect the HMD-Rad6 interaction by far western, using wild-type and mutant
HMD74.134 as the "bait" protein. However, although I was able to detect the well-characterized
Rock-Shroom interaction, which served as a positive control, no interaction between HMD74.184

and Rad6 was detected by this method (Figure 19).
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Figure 17: The HMD-Rad6 interaction cannot be detected by in vivo coimmunoprecipitation.
Western blot analysis of input and bound fractions following affinity purification with IgG agarose beads. Samples

are from an rtfiA strain, transformed with the indicated plasmids, in which Rad6 is tagged with the Myc epitope.

Probing for HSV shows the specificity and efficiency of the purification.
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Figure 18: The HMD-Rad6 interaction cannot be detected by in vitro crosslinking.

The indicated proteins were mixed with BS® under crosslinking conditions. After crosslinking was quenched,

HMD-containing species were detected by anti-His western blot.
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Figure 19: The HMD-Rad6 interaction cannot be detected by far western blotting.
Far western analysis was performed using the indicated proteins and antibodies. The Rock-Shroom interaction is a

well-characterized, high affinity interaction (Mohan, et al. 2012) and serves as a positive control.
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24  DISCUSSION

Previous studies demonstrated a conserved requirement for Paf1C in promoting H2Bub in vivo,
but the mechanism underlying this requirement has remained largely unexplored. Several data
in this chapter suggest that PaflC regulation of H2Bub occurs primarily through the HMD.
First, Rtfl is the only subunit strictly required for the detection of H2B K123ub in
Saccharomyces cerevisiae (Figure 5). Furthermore, when overexpressed, the HMD is capable of
restoring wild-type levels of H2Bub even when all PaflC subunits are deleted (Figure 12B).
Finally, the direct interaction between the HMD and Rad6 detected in Dr. Shirra's BPA
experiments (Figure 16) is suggestive of a direct role in promoting the deposition of the mark.
Nevertheless, evidence presented in this chapter also suggests that other Paf1C subunits,
namely Pafl and Ctr9, have a role in promoting H2Bub beyond stabilization of Rtfl at the
protein level. Though pafid and ctr94 strains have very little H2Bub, Rtfl levels are only
partially reduced (Figure 5). Furthermore, even when overexpressed, full-length Rtfl only
weakly restores H2Bub in a strain where all Paf1C subunits are deleted, while the HMD restores
wild-type levels of the mark in this context. These results speak to the possibility of an
intrinsically inhibitory domain within Rtfl, housed outside of the HMD, that is normally
counteracted by Pafl and/or Ctr9. Consistent with this, I identified a domain within Ctr9,
consisting of residues 871-974, that is required for H2Bub but is largely dispensable for Rtfl
stability (Figure 6A). Finally, although I did not identify a role for the Cdc73 and Leol in
promoting H2Bub, others have shown a dramatic reduction in the mark upon deletion or
depletion of these subunits. This suggests that, as has been found for other PaflC-related

phenotypes (see Chapter 1), the specific mechanisms of Paf1C regulation of H2Bub may be
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dependent on genetic and/or physiological context, despite the conserved requirement for the
HMD

Using BPA crosslinking, Dr. Shirra detected a direct interaction between Rad6 and a
conserved, surface-exposed region of the HMD that contains residues essential for HMD
function in vivo (Figures 8 and 9). Importantly, this interaction is dependent on the Rtfl E104
residue, an amino acid that is essential for Rtfl’s role in promoting H2B K123ub and is
invariant across 73 fungal species (Figure 7). My inability to reproducibly detect an HMD-Rad6
interaction with unbiased affinity purification-mass spectrometry methods (Tables 3 and 4), or
by a directed coimmunoprecipitation (Figure 17), suggests that this interaction is dynamic
and/or low-affinity. Consistent with this, only a very small proportion of endogenously
expressed Rad6 crosslinks to the HMD (Figures 16A and 16B).

I was also unable to detect the HMD-Rad6 interaction by in vitro crosslinking with
purified components or by far western analysis. In these experiments, one might conjecture that
the high concentrations of both proteins would overcome the hypothesized low affinity of the
HMD-Rad6 interaction. Crosslinking of the HMD to itself, however, suggests that the HMD
more readily forms self multimers than HMD-Rad6 heterodimers under these conditions.
Consistent with this, Dr. Shirra has detected Rtfl-Rtfl interactions in her in vivo BPA
crosslinking experiments. Additionally, recently obtained, unpublished data from our lab
suggests that a stable HMD-Rad6 interaction may require the presence of other factors, such as
the nucleosome and/or other components of the ubiquitylation reaction. In vivo BPA
experiments conducted by Christine Cucinotta show that Rtfl directly interacts with the
nucleosome acidic patch. Furthermore, preliminary data from experiments conducted by Donya

Shodja and Brendan McShane appears to show in vitro BPA crosslinking of Rad6 to the HMD
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when all components of the ubiquitylation reaction are present, and not when only Rad6 and the
HMD are present.

Of the HMD mutants identified in my genetic analysis as being critical for H2Bub and
telomeric silencing, E104, F108, and R110 are all housed within a conserved surface that
represents the putative interface between the HMD and Rad6 (Van Oss, et al. 2016). However,
H2Bub and telomeric silencing are also greatly diminished in the D91A and R126A mutants,
which fall outside of this interface (Figures 8 and 10). Given that the D91A substitution nearly
abolishes HMD expression when made in the context of HMDej3.;55, this residue may be critical
for promoting or maintaining proper folding of the HMD. Though an attempt to counteract this
substitution with a compensatory mutation in R110 did not restore H2Bub (Figure 8§B),
discussions following previous presentation of this work suggested that such mutations do not
always restore salt bridges. In contrast, the R126A mutation has no apparent effect on Rtfl
stability or fold. It may be that this residue mediates contacts with the nucleosome acidic patch,
as Christine Cucinotta has shown that the region of Rtfl containing R126 is required for the
Rtf1-H2A interaction, or that it is involved in DNA binding (see Section 3.3.4).

Finally, my affinity purifications of HMDgs3.15, identified HMD-associated proteins that
have not previously been connected to Paf1C function. Although these proteins are unlikely to
be involved in HMD-mediated H2Bub, it is possible that they interact with the HMD to perform
distinct functions. Consistent with this, a second conserved, surface-exposed region of the
HMD, containing the highly conserved E83 and K95 residues, was not implicated in promoting
H2Bub (Figure 8). Sub2 is a member of the transcription-export (TREX) complex, which
regulates both RNA processing and nuclear export (Katahira 2015). Rtfl has known RNA-

binding activity (Dermody and Buratowski 2010), and its in vivo association with various
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factors including Sub2 appears to be at least partially RNA-dependent (Table 4). In recent years,
the connections between transcription elongation, and RNA processing/export have come to be
more fully appreciated (Bentley 2014). H2Bub regulates nuclear export indirectly via crosstalk
with members of the CPF complex (Vitaliano-Prunier, et al. 2012), and high levels of Pol II-
associated PaflC were recently shown to correspond with the nuclear export of the associated
nascent transcripts (Fischl, et al. 2017). Kap123 is a member of the nuclear pore complex
(NPC), which in addition to its role in importing ribosomal proteins is required for the import of
histones H3 and H4 (Mosammaparast, et al. 2002; Blackwell, et al. 2007). Interestingly, many
other NPC members show high ERC with PaflC subunits (Dr. Nathan Clark, personal
communication). Thus, it remains an intriguing possibility that the HMD "moonlights" to

regulate other nuclear processes in addition to its role in promoting H2Bub.
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3.0 BIOCHEMICAL ANALYSIS OF RTF1 HISTONE MODIFICATION DOMAIN-

MEDIATED H2B MONOUBIQUITYLATION

3.1 INTRODUCTION

Although a requirement for the HMD in promoting H2Bub in vivo is well established (see
Section 1.6), it is unclear whether the HMD promotes deposition of the mark directly, and/or
whether it requires factors other than Radé6 to exert its effect. The most straightforward way to
test this is to develop an in vitro assay for HMD activity. However, previous attempts by other
groups to examine the ability of the full PaflC to promote H2Bub in vitro have yielded
complicated results.

Though H2Bub is undetectable in vivo in the absence of Rtfl (Figure 5), H2B can be
ubiquitylated in vitro in an ATP-dependent reaction containing recombinantly expressed
enzymes (human E1 (UBEIl; hEl) and yeast Rad6 and Brel (yRad6 and yBrel)), HelLa
nucleosomes, and a source of ubiquitin (Kim and Roeder 2009). However, when added to this
minimal system, purified yPaflC failed to stimulate H2Bub and instead was somewhat
inhibitory (Kim and Roeder 2009). A similar result was seen when human factors were used
(Kim, et al. 2009). In contrast, a strong requirement for hPaf1C was observed in a transcription-

coupled system that included general transcription factors and Mediator (Kim, et al. 2009).
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It is not fully clear whether H2Bub stimulates active transcription, and/or whether the
process of transcription itself is required for deposition of the mark in vivo. In support of the
latter, an earlier report using a similar transcription-coupled system found that H2Bub was
dependent on both Paf1C and nucleoside triphosphates (Pavri, et al. 2006). Paf1C and H2Bub
stimulated transcription in this system in conjunction with FACT, and PaflC stimulation
occurred post-initiation (Pavri, et al. 2006). Subsequent work, however, called into question
whether the E2 used in this study, UbcH6, is actually a functional Rad6 ortholog (Kim, et al.
2009); and as H2Bub was measured by Pavri et al. with an antibody that generically recognizes
ubiquitin, it is possible that the activity of UbcH6 in this assay is non-specific. In reactions
using hRad6A and an antibody that recognizes the modification directly, while detection of
H2Bub in a transcription-coupled system was dependent on the addition of NTPs, addition of
ubiquitylation factors to the transcription reaction actually diminished transcriptional output
slightly, though this was not an effect of ubiquitylation per se as the same result was observed in
an H2B K120R mutant (Kim, et al. 2009). Studies in live human cells indicate that the global
patterning of H2Bub is strongly linked to active Pol II transcription elongation (Fuchs, et al.
2014). Nevertheless, the fact that H2Bub can be detected in a minimal system absent both
Paf1C and transcription indicates that neither are strictly required for catalysis, raising the
question of what cellular conditions impose a requirement for these factors.

In contrast to the inhibitory effect of hPaf1C on H2Bub in a transcription-free system
using HelLa oligonucleosomes as a substrate, a more recent report found that hPaflC was
weakly stimulatory in a similar system that utilized a recombinant chromatin template (Yao, et
al. 2015). This suggests that the effect of Paf1C on H2Bub may be dependent on the presence or

absence of other histone modifications. Interestingly, this study found that Paf1C stimulation of
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H2Bub in this system was synergistic with the Mediator complex, largely through the activity of
the MED23 subunit (Yao, et al. 2015).

While MED23 alone is able to weakly stimulate H2Bub on a histone octamer substrate
lacking DNA, it is insufficient to stimulate H2Bub on recombinant oligonucleosomes unless
Paf1C is added to the reaction (Yao, et al. 2015). This suggests that the role of PaflC in
promoting H2Bub may be mediated in part by interactions with nucleosomal DNA, perhaps
through the HMD. Rtfl was previously shown to bind RNA in vitro (Dermody and Buratowski
2010), and the HMD was found to co-immunoprecipitate with H2B (Piro, et al. 2012). While
this association was dependent on the E104 residue critical for H2Bub (Piro, et al. 2012), this
may be due to the fact that E104 is critical for the HMD-Rad6 interaction and for the overall
association of the HMD with chromatin (Van Oss, et al. 2016), rather than any specific role of
this residue in mediating a possible interaction between the HMD and nucleosomes. To date, no
direct interaction between the HMD and either DNA or nucleosomes has been reported.

While Dr. Shirra's BPA experiments identified a conserved surface on the HMD that is
required for the HMD-Rad6 interaction (Figure 16) (Van Oss, et al. 2016), the region of Rad6
that mediates this interaction is unknown. The acidic C-terminus of Rad6 has long been known
to be important for its intrinsic ability to nonspecifically ubiquitylate histones (Sung, et al.
1988) and was more recently shown to be required for optimal Brel-mediated ubiquitylation of
H2B K120, though it is not required for binding of Brel to Rad6 (Kim and Roeder 2009).
However, the fact that the Rad6 acidic tail is unique to budding yeast and closely related species
(Koken, et al. 1991), while HMD function is conserved from yeast to humans (Cao, et al. 2015),
argues against a role for this region in mediating the HMD-Rad6 interaction. In contrast, the N-

terminus of Rad6 is well conserved among Rad6 orthologs but is relatively unique among other
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ubiquitin-conjugating enzymes, which generally display a high degree of sequence similarity
(Watkins, et al. 1993). Modeling performed by Dr. Andrew VanDemark using the HADDOCK
protein-protein docking program (Dominguez, et al. 2003) also suggested the possibility of
interactions between the HMD and the Rad6 N-terminus; the N-terminus thus represents an
intriguing candidate for the Rad6 HMD-interaction domain.

In this chapter, I make use of purified components and a minimal in vitro ubiquitylation
assay to address some of these questions. I also characterize the in vitro activity of an HMD-
Rad6 fusion protein. Finally, I examine the ability of the HMD to bind DNA and nucleosomes

directly in vitro.

3.2 MATERIALS AND METHODS

3.2.1 Yeast strains and plasmids used

All plasmids used in this chapter and their construction are described in Table 5. For in vivo
analysis of Rad6A1-9, plasmids pRS314, KB1167, and KB1386 were transformed into the yeast
strain K'Y 1468, which has the following genotype: MATo rad6A::URA3 his4-9126 leu2A1 ura3-

52 trplA463.

3.2.2 Protein purification

Expression of all wild-type and mutant Rad6 and HMD proteins, as well as the HMD74.139-

Rad6AC fusion protein, was performed in E.coli Codon+ (RIPL) or (RIL) cells (Stratagene).
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Cells expressing HMD proteins and the HMD74.139-Rad6AC fusion protein were grown in ZY
auto-induction media (Studier 2005) at room temperature for 16-24 hr; cells expressing Rad6
were grown in LB media to an OD of 0.6, induced with 100 uM IPTG, and grown overnight at
18 °C.

Cells were harvested by centrifugation, resuspended in lysis buffer (25 mM Tris-Cl pH
8.0, 500 mM NaCl, 10% glycerol, 5 mM imidazole, 1 mM B-mercaptoethanol, and 1X protease
inhibitors (167pug/mL PMSF, 0.7ug/mL pepstatin, 0.5pug/mL leupeptin; 0.5pug/mL aprotinin was
also included in most preps)), and lysed with an EmulsiFlex-C3 homogenizer. Lysates were
cleared by centrifugation at 30,000 x g. All proteins were purified by nickel affinity
chromatography (Ni-NTA agarose; Qiagen) at 4°C followed by digestion with TEV protease,
during dialysis into TEV cleavage buffer (20mM Tris-Cl pH 8.0, 400mM NaCl, 8% glycerol, 1
mM [-mercaptoethanol), for 90 minutes at room temperature and then overnight at 4°C. The
amount of TEV protease added was based on the amount of protein present as determined by
Coomassie staining but was generally 1.5-3mg. Uncleaved protein and His-tagged TEV
protease were removed by a second round of nickel affinity chromatography followed by ion
exchange chromatography using HiTrap-SP and/or HiTrap-Q FF columns; proteins were kept at
4°C throughout the purification process. Following binding to the HiTrap columns, protein was
washed in low-salt buffer (8% glycerol, 20mM Tris-Cl pH 8.0, 1 mM B-mercaptoethanol, 60-
100mM NacCl) and then eluted with an increasing salt gradient. Protein used in biochemical
experiments was then dialyzed into storage buffer and concentrated when necessary using a
Vivaspin concentrator (Millipore). HMD74.139-Rad6AC fusion protein used for crystallization
was further purified by gel filtration using a HiPrep 16/60 Sephacryl S-200 HR column (GE

Healthcare) and concentrated as needed prior to setting up crystallization screens. Dr. Joel
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Rosenbaum assisted with the ion exchange and sizing column steps, and conducted the
crystallization trials.

Purification of His-pK-HA-Ubiquitin was carried out by Dr. Margaret Shirra.
Expression was performed in E.coli Codon+ (RIPL) cells using LB media. Cells were grown to
an OD of 0.6, induced with 500 uM IPTG, and grown for 3.5 hr at 37 °C. Cells were then
harvested by centrifugation and lysed with an EmulsiFlex-C3 homogenizer in 20 mM Tris-Cl
pH 7.9, 500 mM NacCl, 10% glycerol, 5 mM imidazole, 0.1% NP-40, and 1 mM PMSF. Lysates
were cleared by centrifugation at 30,000 x g. The protein was purified by nickel affinity
chromatography through 3 hr of batch binding at 4 °C. The resin was washed with lysis buffer
containing 30 mM imidazole, and then incubated in lysis buffer containing 400 mM imidazole.
Protein was collected from the supernatant following centrifugation, and then dialyzed into
storage buffer. FLAG-yBrel and FLAG-hE1 were generous gifts from Dr. Jachoon Kim (Korea
Advanced Institute of Science and Technology). Both proteins were purified from S. frugiperda
(SF9) cells infected with baculoviruses, using M2 agarose as described previously (Ito, et al.
1999; Kim, et al. 2009). Recombinant X. laevis nucleosomes were a generous gift from Dr.
Song Tan (Penn State University). Nhp6 protein was a generous gift from the lab of Dr.

Timothy Formosa (University of Utah).

3.2.3 Western blot analysis

For whole cell extracts used in Figure 22A, SUTEB extracts were prepared as described in
Chapter 2. All samples were resolved on SDS-PAGE gels, blotted to a nitrocellulose membrane,
and probed with the indicated antibodies. The antibodies used in this chapter were a-H2Bub
(Cell Signaling #5546; 1:1000 dilution), a-H2A (Active Motif #39235; 1:5000), a-H2B (Active
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Motif #39237; 1:3000), a-G6PDH (Sigma #A9521; 1:20000), and a-c-Myc (9E10) (Covance
#MMS-150P; 1:1000). Blots were then probed with a 1:5000 dilution of the appropriate
horseradish peroxidase-conjugated secondary antibody (either donkey anti-rabbit, or sheep anti-
mouse; GE Healthcare), and visualized via enhanced chemiluminescence. For a-H2Bub, a-
H2B, and a-c-Myec blots in Figure 22A, milk was added to the secondary antibody in order to
increase specificity, at a concentration of 3%, 5%, and 2%, respectively. Blots were visualized
on either a Kodak Image Station (440CF) or a Bio-Rad ChemiDoc XRS+ imager. Signal was

quantitated using the ImageJ (NIH) and Image Gauge (Fujifilm) software packages.

3.24 Invitro H2Bub assay

Reactions were carried out in 1X Reaction Buffer (50 mM Tris-Cl pH 7.9, 5 mM MgCl,, 4 mM
ATP, 2mM NaF, and 0.4 mM DTT). The indicated purified proteins were added on ice; Rad6
and, when applicable, HMD or HMD74.139-Rad6AC were added last. Following gentle mixing,
reactions were incubated at 30 °C and stopped by boiling for 3 minutes in 1X SDS loading

buffer, and samples were then examined by western blotting.

3.2.5 Electrophoretic mobility shift assay

The DNA substrate used in these experiments is a 309bp, double-stranded DNA fragment
described in Section A.2.2. This DNA was radiolabeled via end-labeling with y-ATP using T4
polynucleotide kinase. Nucleosomes incorporating radiolabeled DNA were reconstituted and
purified as described in Sections 5.2.5 and 5.2.6. Ten fmol of DNA and/or nucleosomes (i.e.

nucleosomes with 10fmol of DNA content) were used in each binding reaction. Reactions were

88



carried out essentially as described previously (Hepp, et al. 2014) in a volume of 15uL for
DNA-binding reactions or 16.5uL for nucleosome-binding reactions by incubating the labeled
substrate, diluted to 3.0uL (DNA) or 4.5uL (nucleosomes) in FCR buffer (100mM NaCl, 10mM
Tris-Cl pH 7.4, ImM EDTA pH 8.0, 5SmM DTT, 0.5mM PMSF, 0.05% NP-40, 10% glycerol
and 100pg/mL BSA), with proteins diluted in 1X EMSA buffer (49.4mM KCI, 12.9mM
HEPES-KOH pH 7.9, 1.6mM DTT, 0.5mM PMSF, 9.9% glycerol, 0.1% NP-40, 6.4mM MgCL,
68.7 pg/mL BSA, 39.1mM NaCl, 2.6mM Tris-CI pH 8.0, 0.3mM MgOAc, 0.3mM imidazole,
0.5mM EGTA, 0.4mM HEPES-KOH pH 7.4, 0.4mM ZnCl,) for 30 minutes at 30°C. Note that
EMSA buffer is derived by combining remodeling, CRC, and Gal4 buffers described in Hepp et
al. and can be simplified for future experiments). Dye-free TBE loading buffer was added to
samples at a final concentration of 10% sucrose and 0.75X TBE. Samples were loaded to a 5%,
0.3X TBE native polyacrylamide gel that had been pre-run at 180V for a minimum of 1 hour.
TBE loading buffer containing bromophenol blue dye was run in outside, empty lanes in order
to estimate the migration of samples. For initial experiments, migration of samples was checked
by measuring radioactivity until an appropriate time for resolving samples was determined. For
the experiments described here, gels were run at 180V for ~6.5 hours in the cold room (~4°C).

Gels were then dried and imaged on a Typhoon FLA 7000 instrument.
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Table 5. Plasmids used in Chapter 3

Plasmid Construction Promoter Gene Product Markers
HMD74.139, a cleavable thrombin 8XHis-TEV-
linker, and Rad61_154 were HMD74_139- R
PAVSS2 inserted into pKAS8 by Gibson 7 Thrombin-Rad6;. Amp
assembly 154
pET-15b-His- His-Thrombin- R
pK-HA-Ub (Tan, etal. 1999) 17 pK-HA-Ubiquitin | ™P
pFAS}EACI' (Kim, et al. 2009) PH FLAG-hE1 Amp®
p FAS;%{“C I- (Kim and Roeder 2009) PH FLAG-yBrel Amp®
6XHis-V5-TEV-
pKB993 (Van Oss, et al. 2016) T7 HMD 74.184- Amp"®
E104K
Residues 171-254 of the 710
amino acid variant of human .
pKB1157 Rtf1 were amplified and cloned tac ﬁglflls_TEV__ Amp"
into the pQlink H vector using 171254
BamHI and Notl sites
Residues 171-304 of the 710
amino acid variant of human .
pKB1158 Rtfl were amplified and cloned tac 7}1)1(11‘;Iflls-TEV_- Amp®
into the pQlink H vector using 171-304
BamHI and Notl sites
Rad6-13XMyc was amplified
from KY1026 and cloned into TRPI,
pKBI167 pRS314 using Pstl and Kpnl kAD6 Rad6-13XMyc Ampt
sites
PCR stitching was used to del.ete rad6A1-9- TRPI:
pKB1386 sequence encoding the first nine RAD6 13XMvye AmpR
residues of Rad6 from pKB1167 Y P
rad6A1-9 sequence was
amplified from pKB1386 and 6XHis-MBP-
pKBI1408 cloned into the KMKBS5 vector 7 TEV-rad6A1-9 Kan
using Nhel and HindlII sites
PCR stitching was used to Sé(hl/{IB-TEV-
. ) 74-139-
pKB1418 1ntr.oduce the E104K mutatlon T7 E104K.- AmpR
into the HMD portion of Thrombin-Radé
pAV882 I
154
6XHis-MBP- R
pKMK4 (Van Oss, et al. 2016) T7 TEV-Rad6 Kan
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RS314 (Sikorski and Hieter 1989) n/a n/a
P Amp
pTOPO- 6XHis-V5-TEV- R
tal. 201 T A
yHMD 57,155 (Van Oss, et al. 2016) 7 HMD <7152 mp
pTOPO- 6XHis-V5-TEV- R
tal. 201 T A
HMD 74 130 (Van Oss, et al. 2016) 7 HMD 74130 mp
pTOPO- 6XHis-V5-TEV- R
YHMD 74154 (Van Oss, et al. 2016) T7 HMD 7154 Amp

33 RESULTS

3.3.1 The Rtf1 HMD stimulates Brel-dependent H2Bub in a minimal in vitro system

Given the ability of the HMD to promote H2B K123ub in vivo in the absence of Paf1C (Figure

12), I examined the effect of adding purified HMD to a minimal in vitro system similar to that

previously described (Kim and Roeder 2009), except that instead of using HeLLa nuucleosomes

as a substrate, I made use of "naked" nucleosomes (containing no modifications) reconstituted

from recombinant X. laevis histones. Addition of either recombinant HMD74.139 or HMDs7.155 to

the reaction had no effect on the amount of H2Bub detected (Figure 20A). Because an initial

bioinformatic analysis performed by Dr. Adam Wier (Van Oss, et al. 2016) identified a larger

HMD-containing domain, which included Rtf1 residues 74-184, I examined the effect of adding

HMD74.134 to the reconstituted H2B ubiquitylation reaction. Interestingly, the larger Rtfl

fragment stimulated H2Bub by approximately 4-fold in a manner that depended on E104

(Figure 20B), a residue essential for stimulation of H2B K123ub in vivo (Figure 8).
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Figure 20: HMD7,.1534 stimulates Brel-dependent H2Bub.
(A-C) Unless otherwise indicated, in vitro ubiquitylation reactions contained: recombinant X. laevis nucleosomes,
FLAG-yBrel (E3), FLAG-hE1, His-HA-pK-Ubiquitin, and yRad6 (E2). HMD proteins, or an equivalent volume of
storage buffer, were added to the indicated reactions. Reactions were incubated at 30°C for the indicated times and
analyzed by Western blotting. H2A levels function as a loading control. Relative H2Bub was determined by setting

the signal for lane 3 (Panel B) or lane 2 (Panel C) to one. Though all experiments were conducted at least twice,

quantitations are from the replicate shown.
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Rad6 has been shown to promiscuously ubiquitylate histones in vitro, including H2B,
without Brel or any other E3 present (Haas, et al. 1988; Sung, et al. 1988; Kim and Roeder
2009). In this minimal system, I observe robust H2Bub after 2 hours in the absence of the E3
(Figure 20C). I found that the ability of the HMD to stimulate H2Bub was dependent on the
presence of Brel (Figure 6B). In fact, addition of HMD74.134 to a reaction lacking Brel had a
modest inhibitory effect on Brel-independent H2Bub by Rad6 (Figure 20C).

Previously, our lab showed that expression of HMD orthologs in yeast, including human
HMD, effected partial rescue of H3 K4 and K79 Me?/Me’, but not of H2B K123ub (Piro, et al.
2012). However, it remained unclear whether this is due to a fundamental inability of the human
HMD to fully stimulate catalysis, perhaps because of a weakened interaction with yRad6, or due
to secondary genetic factors. Thus, I purified HMD-containing fragments of human Rtfl in
order to test them in our minimal in vitro system. The two proteins tested are roughly equivalent
to the yeast HMD74130 and HMD74.134 boundaries, as determined by multiple sequence
alignment (Figure 7). When added to an in vitro ubiquitylation reaction containing yRad6 and
yBrel, both proteins had a very weak stimulatory effect on H2Bub (Figure 21). While it remains
possible that these proteins are largely inactive for technical reasons, this is consistent with what
was seen in vivo and suggests that in vitro stimulation by hHMD requires human E2 and/or E3

proteins.

3.3.2 Analysis of a Rad6 N-terminal deletion mutant

In order to ask whether the N-terminus of Rad6 is responsible for mediating the HMD-Rad6

interaction, I first sought to reproduce the previously published observation that deletion of the
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Figure 21: Human HMD constructs show minimal activity with yRad6 and yBrel.
Unless otherwise indicated, all reactions contained recombinant X. laevis nucleosomes, FLAG-yBrel (E3), FLAG-
hE1, His-HA-pK-Ubiquitin, and yRad6 (E2). hRtfl fragments, or an equivalent volume of storage buffer, were
added to the indicated reactions. Reactions were incubated at 30°C for the indicated times and analyzed by Western
blotting. H2A levels function as a loading control. Relative H2Bub was determined by setting the signal for lane 3

to one.
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first nine Rad6 residues abolishes detectable H2Bub in vivo (Sun and Allis 2002). Indeed, H2B
K123ub was undetectable in a rad641-9 strain (Figure 22A). Rad6 protein levels were
substantially reduced, though not abolished, in the mutant (Figure 22A), partially explaining the
reduced activity. Consistent with what was observed in other H2Bub-deficient mutants (e.g.
Figures 5, 6A, 8D, and 11) and with the observation that H2Bub promotes nucleosome stability
(Batta, et al. 2011), total H2B levels were also diminished.

To test directly whether Rad6A1-9 is able to respond to HMD stimulation, I purified the
mutant protein from E. coli and tested it in our minimal in vitro ubiquitylation system. Both
Brel-dependent H2Bub (lanes 9 and 10) and Brel-independent H2Bub (lane 3) were
undetectable when Rad6A1-9 was added to the reactions (Figure 22B). Addition of HMD74.134
allowed for detection of H2Bub in Rad6A1-9-containing reactions, although levels were much
lower than those seen with wild-type Rad6 (Figure 22B; compare lanes 7 and 8 to lanes 11 and
12). This result indicates both that the N-terminus of Rad6 is important for its intrinsic catalytic
ability beyond its role in promoting Rad6 stability in vivo, and that this region of Rad6 is not

essential for its interaction with the HMD.

3.3.3 Analysis of an HMD74.139-Rad6AC fusion protein

My inability to detect the HMD-Rad6 interaction by standard affinity purification techniques
suggests that the interaction is low affinity. Furthermore, HMD74.139, while fully functional in
vivo (Figure 12), fails to stimulate H2Bub in vitro (Figure 20A), possibly because it fails to
functionally interact with Rad6 in an in vitro setting. In order to facilitate structural studies with
the goal of obtaining an HMD-Rad6 co-crystal structure, our collaborator Dr. Joel Rosenbaum in

Dr. Andrew VanDemark’s lab sought to address these challenges by c onstructing a plasmid
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Figure 22: A Rad6 N-terminal deletion mutant responds to HMD stimulation.
A) The indicated plasmids were transformed into a rad64 strain (K'Y 1468), and whole cell extracts were probed by
western blotting. This experiment was conducted using biological triplicates derived from independent
transformants. (B) Unless otherwise indicated, all reactions contained recombinant X. laevis nucleosomes, FLAG-
yBrel (E3), FLAG-hE1, His-HA-pK-Ubiquitin, and wild-type or mutant yRad6 (E2). HMD74 104, Or an equivalent
volume of storage buffer, was added to the indicated reactions. Reactions were incubated at 30°C for the indicated

times and analyzed by Western blotting. H2A levels function as a loading control.
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expressing a fusion of HMD74.139 to the first 154 residues of Rad6 with a linker containing a
thrombin cleavage site, excluding the Rad6 C-terminal acidic tail because it is disordered and
would likely not be amenable to crystallization. I then made a derivative of this construct in
which HMD74.139 contains the inactivating E104K mutation, and purified both proteins in order
to examine their activity in our minimal in vitro system. In a separate purification, I used
thrombin to cleave the fusion protein and then purified the HMD74.139 and Rad6AC components
separately to compare the activity of the fusion protein to the effect of adding its separate
components "in trans."

In reactions with no HMD present, the Rad6AC protein displays diminished activity
when compared to wild-type Rad6 (Figure 23; compare lane 3 to lane 6), as has been reported
previously (Kim and Roeder 2009). Remarkably, addition of the fusion protein to the
ubiquitylation reaction stimulates H2Bub to the same extent as when HMD74.134 is added to a
reaction containing wild-type, full-length Rad6 (compare lane 5 to lane 9), and this stimulation
is dependent on E104 (lane 10). Addition of HMD74.134 to a reaction containing Rad6AC also
stimulates H2Bub to the same levels as when wild-type Rad6 is used (compare lane 5 to lane 8),
seemingly bypassing the requirement for the Rad6 C-terminus. In contrast, addition of HMD74.
139 and Rad6AC "in trans" results in the same low levels of H2Bub seen with Rad6AC when no
HMD is present (compare lane 6 to lane 7). As was seen with HMD74.134_ addition of the fusion
protein to a reaction lacking Brel is modestly inhibitory (compare lanes 1 and 2, long

exposure).

Following biochemical characterization of the fusion protein, I performed a large-scale
purification for use by Dr. Rosenbaum in crystallization trials (Figure 24). After scanning a

large number of crystallization conditions, Dr. Rosenbaum successfully generated crystal
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Figure 23: An HMD74.135-Rad6AC fusion protein bypasses requirements for Rtfl residues 140-184
and the Rad6 C-terminus
All reactions contained recombinant X. /aevis nucleosomes, FLAG-hEI, and His-HA-pK-Ubiquitin. FLAG-yBrel
was added where indicated. Rad6 and HMD proteins, or an equivalent volume of HMD storage buffer, were added
as indicated, either as separate proteins (139=HMD14.139; 184=HMD34.134; WT=wild-type; AC=Rad6,_;s4) or as an
HMD74.139-Rad6AC fusion containing either a wild-type HMD74 139 portion (Fus) or a derivative containing the
E104K mutation (Fus-E104). Reactions were incubated at 30°C for 30 minutes and analyzed by Western blotting.
H2A levels function as a loading control. This experiment was conducted twice with the exception of samples in

lanes one and two.
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Figure 24: Purification of HMD74.130-Rad6AC for crystallization trials.
Coomassie-stained SDS-PAGE gel showing elution fractions following purification by size exclusion on a HiPrep
16/60 Sephacryl S-200 HR column. Dr. Joel Rosenbaum assisted with use of the FPLC during ion exchange and

sizing column steps of the purification.
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Figure 25: Images of HMD74.130-rad6AC crystal lattices.

Crystallization trials were conducted, and images were taken by, Dr. Joel Rosenbaum. The buffers used are (A) 100
mM Tris-Cl pH 8.5, 29% PEG 3350 and (B) 100mM Tris-Cl pH 8.5, 100mM NaCl, 16% PEG 3350, 7% 2-Methyl-

2,4-pentanediol (MPD).

lattices (Figure 25). Initial attempts at data collection yielded low-resolution data, and attempts

to generate high-quality x-ray crystallography data are ongoing.

3.3.4 An HMD-containing Rtfl fragment binds DNA

Given the known RNA-binding activity of Rtf1 (Dermody and Buratowski 2010) and the ability
of the HMD to associate with chromatin independently of Paf1C (Piro, et al. 2012; Van Oss, et
al. 2016), I used the electrophoretic mobility shift assay to ask whether HMDs7.15, was able to
bind DNA. A radiolabeled, 309 bp double-stranded DNA fragment was used as the substrate

(see Section A.2.2). Nhp6, a protein known to bind DNA with high affinity (Hepp, et al. 2014),

100



was used a positive control. While Nhp6 forms complexes with DNA at concentrations as low
as 5nM, no shift indicative of an HMDs7.15,-DNA complex was observed even when HMDs715,
was added to concentrations as high as 1.8uM (Figures 26A-B). In sharp contrast, addition of
the larger HMD74.134 fragment showed evidence of DNA binding at concentrations as low as
30nM, binding with an apparent Kp of ~75nM (Figure 26B).

I next tested the ability of HMD74.134 to bind to purified, recombinant nucleosomes
containing yeast histones and the same DNA template used in the DNA-binding assays.
Addition of HMD74.134 shifted the mobility of the nucleosome species in a concentration-
dependent manner, indicating the formation of an HMD-nucleosome complex (Figure 26C).
This shift was evident at HMD74.134 concentrations as low as 130nM. As these nucleosomes
contain ~120bp of extranucleosomal “linker” DNA, it is not clear whether HMD74-;34 is capable
of binding nucleosomal DNA, linker DNA, or both; thus, further experimentation is warranted
(see Section 4.2). It should also be noted that, although nucleosomes were gel extracted, it
remains possible that some of the Nap1 protein used in nucleosome reconstitutions (see Section
A.2.5) is still present. However, it is interesting to observe that the mobility of the HMD74.154-
nucleosome complex is strongly dependent on HMD74134 concentration, which may be

indicative of the binding of multiple HMD molecules.

101



Free DNA

A § Nhp6 HMD;; 45,
Q
¢ el
Conc (uM) £ 005 10 .33 .005 .01 .05 .10 25 .50 .75 1.0
Nhp6-
DNA _
Complex
Free Probe
B C
g @ g
I 5 S 5
E € 9 HMD; 5 2 89 HMD, . 154
o £ = o £ =
o 2 I ] 2 I
Conc (uM) L 011818 5 2 .1.03.01 L 33 165316 .5 .25 .13 .05
HMD; 4. 154- Nucleosome-
DNA 7 HMD,.1g4
Complex Complex
NhpG-DNA Free Nucs
Complex =

Free Probe

Figure 26: HMD7,.134 binds double-stranded DNA
Ten fmol of radiolabeled, double-stranded DNA probe (A-B) or radiolabeled nucleosomes with 10fmol of DNA

content were mixed with (A) HMDs7.15; or (B and C) HMD74.134 added to the indicated concentrations in 1X EMSA

buffer, and samples were resolved by native PAGE. Nhp6 serves as a positive control for both DNA and
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nucleosome binding. The positive result observed in panels B and C was observed in two (DNA probe) or three

(nucleosome probe) independent experiments.

34  DISCUSSION

In a minimal, transcription-free in vitro ubiquitylation assay, I observe approximately 4-fold
stimulation of H2Bub upon addition of HMD74.134 to the reaction (Figure 20B). This activity is
dependent on the Rtf1/HMD residue E104, a residue required both for deposition of H2Bub
(Figure 8) and a physical interaction with the ubiquitin conjugase Rad6 (Figure 16) in vivo. This
demonstrates that the role of the HMD in promoting H2Bub is direct. HMD-dependent
stimulation of H2Bub is likely mediated at least in part by its direct interaction with Rad6, as
the same residue required to maintain the HMD-Rad6 interaction in vivo (Figure 16A) is
required for HMD activity in vitro (Figures 20B and 23).

One striking difference between the in vivo and in vitro activity of the HMD is the in
vitro requirement for Rtfl residues 140-184. Though HMD74.139 is sufficient to promote H2Bub
in vivo even in the absence of all Paf1C subunits (Figure 12), addition of HMD74.139 or HMDs7.
152 to an in vitro ubiquitylation reaction does not affect H2Bub levels (Figure 20A). It is not
immediately clear why this is the case, but it is interesting to note that an HMD74.139-Rad6AC
fusion protein bypasses this requirement (Figure 23). This suggests that residues 140-184 may
stabilize a low-affinity HMD-Rad6 interaction, a function that may be performed by some other
factor in vivo in an rtf14 context. One possible candidate is the histone chaperone Spt16, which
is required for normal levels of H2Bub in vivo (Fleming, et al. 2008) and associates with both

HMDsg3.152 (Tables 3 and 4) and full-length Rtf1 (Mayekar, et al. 2013).
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Interestingly, unpublished data from Christine Cucinotta in our lab indicates that both
Rtfl and Spt16 interact directly with the nucleosome acidic patch. In the case of Rtf1, residues
111-152, housed within the HMD, appear to be required for this interaction. The association of
Rtfl with the nucleosome may involve binding of nucleosomal DNA. Here, I show that HMD74.
184, but not HMDs7_;55, binds both double-stranded DNA and nucleosomes in vitro (Figure 26),
with the caveat that binding to the nucleosomal substrate may be mediated entirely by linker
DNA. Again, the role of residues 153-184 in the DNA binding capability of the HMD is
unclear. The basic R173 residue is extraordinarily well-conserved in fungi (Figure 7).
Substitution of R173 with alanine did not affect global H2Bub levels in vivo as measured by
western blot (data not shown); however, this does not necessarily exclude a role for this residue
in mediating DNA binding or in affecting the specific localization of H2Bub across the genome.

The HMD74.139-Rad6AC fusion protein also stimulates H2Bub to the same extent as seen
with wild-type Rad6 upon addition of HMD?74.134, seemingly bypassing the requirement for the
Rad6 C-terminal acidic tail (Figure 23). It may be interesting to examine whether fusion of
HMD74.139 to full-length Rad6 results in even greater levels of H2Bub, or whether the activity of
the fusion protein represents the maximum specific activity of Rad6 under these reaction
conditions. Previous studies have shown that the Rad6 C-terminus is important both for its
specific and non-specific ability to ubiquitylate histones in vitro (Sung, et al. 1988; Kim and
Roeder 2009). Although the fusion protein retains a few residues of the acidic tail not found in
the mutants previously examined, the inability of Rad6AC to fully stimulate H2Bub in reactions
lacking the HMD suggests that these additional residues are not of themselves able to substitute
for the full-length tail. Furthermore, the Rad6 acidic tail is also required for full in vivo activity

(Sun and Allis 2002), yet HMD74.134 still fully stimulates Brel-dependent H2Bub in reactions
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with Rad6AC, indicating both that the acidic tail is not essential for the HMD-Rad6 interaction
and that the in vivo HMD-Rad6 interaction is not sufficient to bypass the requirement for the
acidic tail. It is possible that either Rtfl residues 140 to 184 or artificial fusion of HMD74.139 to
Rad6AC act to stabilize the HMD-Rad6AC interaction and/or maintain Rad6 in its active
conformation in vitro. The fact that Rtfl residues 140-184 are insufficient to bypass the
requirement for the Rad6 C-terminus in vivo may speak to the possible presence of intrinsically
inhibitory regions of Rtf1 that lie outside of the HMD, a hypothesis supported by the reduced in
vivo activity of full-length Rtf1 in the absence of an intact Paf1C (Figure 12). In any event, the
ability of HMD74.139 to stimulate H2Bub in the context of the fusion protein remains Brel-
dependent, as was observed for HMD74.134 (Figure 20C).

In vitro ubiquitylation assays conducted in a transcription-free system that used
nucleosomes purified from HeLa cells as a substrate found that addition of either yPaf1C or
hPaf1C to the reaction was mildly inhibitory (Kim, et al. 2009; Kim and Roeder 2009), while
hPaf1C stimulated H2Bub on nucleosomes made with recombinantly expressed histones, both
in transcription-coupled (Kim, et al. 2009) and transcription-free (Yao, et al. 2015) systems.
Here I observe HMD stimulation of H2Bub in the absence of transcription. The role of the
HMD in stimulating H2Bub therefore appears to be at least partially independent of Pol II
transcription, and may also be dependent on the absence of other histone marks. Previously, I
had collaborated with Dr. Brian Strahl’s lab (University of North Carolina) to examine whether
HMD74.139 preferentially interacted with peptides containing a range of common modifications,
obtaining a negative result. To my knowledge, although there are no known modifications that
have been shown to inhibit H2Bub in vivo or in vitro, the combined results of the various in

vitro studies that have been conducted suggest this interesting possibility.

105



The conserved N-terminus of Rad6 mediates the interaction between Rad6 and Ubrl, an
E3 client unrelated to H2Bub (Watkins, et al. 1993). Mutational analysis of Rad6 coupled with
binding assays showed that the Rad6 N-terminus was not sufficient to maintain binding to Brel,
although whether or not it is required for such binding remains an open question (Kim and
Roeder 2009). My studies indicate that a Rad6 N-terminal deletion mutant is severely deficient
in both Brel-independent and Brel-dependent H2Bub, yet is capable of responding to HMD
stimulation (Figure 22B). This suggests a role for the Rad6 N-terminus that is independent of
both Brel and the HMD, perhaps by interfacing with the nucleosome or otherwise maintaining
Rad6 in an active conformation. Mutations to “non-canonical” residues in the Rad6 backside
impair the ability of Rad6 to both mono- and polyubiquitylate H2B in a Brel-independent
manner (Kumar, et al. 2015). Interestingly, addition of either HMD74.134 or the HMD74.139-
rad6AC fusion protein inhibits Brel-independent H2Bub (Figures 20C and 23), while in the
presence of Brel both proteins stimulates both mono- and polyubiquitylation of H2B (Figure
23; polyubiquitylation of H2B is seen as a higher molecular weight species on the long
exposure). While the region of Rad6 that mediates its interaction with the HMD remains
unknown, this question would be answered directly by an HMD-Rad6 co-crystal structure,

which we have made promising progress towards obtaining (Figures 24 and 25).
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4.0 CONCLUSIONS AND FUTURE DIRECTIONS

The monoubiquitylation of histone H2B governs chromatin structure and is implicated in the
regulation of gene expression and other transcription-linked processes (see Section 1.3). Interest
in this modification has continued to grow as it has become clear that H2Bub regulates
development and differentiation in higher eukaryotes, and that mutations to genes involved in
the H2Bub pathway are linked to human diseases, including cancer (see Section 1.7). My
studies and the work of my colleagues have advanced our understanding of the molecular
mechanism underpinning HMD-dependent H2B ubiquitylation. Still, several fundamental

questions remain unanswered.

4.1 IS HMD STIMULATION OF RAD6 SPECIFIC OR GENERAL?

One fundamental mechanistic question yet to be addressed is whether the HMD stimulates Rad6
catalysis per se, or whether it acts as an E3 cofactor by enhancing the ability of Brel to direct
Rad6 to its canonical target on H2B (or, relatedly, whether HMD stimulation of Rad6 activity
takes place only at H2B K123/K120, or also at non-specific targets). To test the first hypothesis,
I have conducted a preliminary experiment examining the ubiquitin discharge rate of pre-
charged Rad6 in the absence or presence of both Brel and the HMD. While these data are

inconclusive, optimization of the protocol in order to address technical issues should provide a
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rather straightforward assay for probing this question. An alternative approach would be to
carry out ubiquitylation reactions under conditions of limited ubiquitin, measuring by western
blot whether the addition of the HMD to the reaction accelerates the disappearance of free
ubiquitin from the sample.

A technique suited to testing both hypotheses is to use mass spectrometry to identify all
sites of ubiquitylation from minimal in vitro reactions carried out in the presence or absence of
the HMD. I recently conducted such an experiment in collaboration with Dr. Amber Mosley at
Indiana University. Samples from reactions containing or lacking the HMD both yielded very
few peptides corresponding to ubiquitylated histones, precluding statistical analysis. It may be
that the reactions simply need to be scaled up to increase signal, or there may be more
fundamental technical considerations.

One alternative method to address the question of whether the HMD stimulates Rad6
catalysis specifically (i.e. exclusively at the canonical lysine on H2B) or non-specifically is to
examine other sites of in vitro H2B ubiquitylation by western blot, utilizing a collection of
mutant H2B proteins. An interesting study employing a ubiquitin species containing a
substitution that inhibits removal by deubiquitylating enzymes found evidence of both mono-
and polyubiquitylation of histone H2B in yeast, both at the canonical K123 location and at
several additional lysines (Geng and Tansey 2008). These experiments made use of various
H2B mutant proteins in which some or most lysines within H2B have been substituted with
arginines. For example, one such H2B derivative retained only the lysines found on the N-
terminal tail of the protein, while another retained only those lysines found in the globular core

and others retained only a single, non-canonical lysine (i.e. not K123) (Geng and Tansey 2008).
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Examination of the effect of the HMD on Rad6 and Brel-dependent in vitro
ubiquitylation of such mutants should provide evidence as to whether HMD stimulation of
H2Bub is general, or is limited to a particular substrate. A pilot study along these lines could
make use of the recently developed antibody against H2B K34ub (Wu, et al. 2014), one caveat
being that the antibody was raised against the human form of the modification. Such an
approach would have the advantage of avoiding potential off-target effects of substitutions
within H2B. The study conducted by Geng and Tansey states that “most of the lysine residues”
within H2B can serve as ubiquitylation substrates, but does not specifically address the status of
K34. Thus, should no H2B K34ub be detected in an assay using yeast enzymes, one could
consider making use of the human orthologs (it is possible that human nucleosomes would be
required as well). Detection of H2Bub at other sites (or other regions within H2B, depending on
the specific substitutions made) would best be accomplished by epitope-tagging of H2B in
combination with lysine to arginine substitutions within H2B. While such a study would be
more labor-intensive than a mass spectrometry approach, it would avoid the associated technical

challenges.

4.2  DOES DNA BINDING BY THE HMD PROMOTE H2BUB?

I have observed binding of HMD74.134 to a substrate containing reconstituted yeast nucleosomes
(Figure 26C); however, because the binding assays I conducted used nucleosomes with a
substantial amount (~120bp) of "linker" DNA, the data do not conclusively indicate whether or
not the HMD binds nucleosomes per se. In order to test this more systematically, binding assays

can be conducted with nucleosomes containing variable amounts of linker DNA, including
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nucleosomes with essentially no linker DNA. This can be accomplished either by making use of
restriction sites available within my current G-less cassette/601 NPS template (see Section
A.2.2), or by reconstituting nucleosomes using DNA fragments containing various amounts of
linker DNA. To determine the specificity of the DNA-binding activity, HMD binding to free
dsDNA substrates of different lengths and sequence composition, as well as ssDNA and RNA
substrates, can be tested. The latter would be of particular interest, given the known RNA-
binding activity of full-length Rtfl (Dermody and Buratowski 2010), the in vivo association of
the HMD with RNA and RNA processing factors that I observed (Tables 3 and 4), and a recent
genome-wide survey showing extensive in vivo crosslinking of mRNAs to elongation factors,
including Rtf1 (Battaglia, et al. 2017).

An important question yet to be addressed is whether the DNA-binding activity of the
HMD that I identified is relevant to the mechanism by which it promotes H2Bub. The HMD
R126 residue is required for normal H2Bub in vivo (Figures 8B-D), yet lies outside of the likely
Radé6 interaction surface (Van Oss, et al. 2016). An HMD74.134-R126A derivative can be tested
in DNA and nucleosome binding assays to determine the extent to which this residue
contributes to that function. Furthermore, the HMD74.139-Rad6AC fusion protein is functional
for in vitro ubiquitylation, while HMD74.139, added "in trans," is not (Figure 23). It would
therefore be interesting to see if the fusion protein is capable of binding DNA, bypassing the
requirement for Rtfl residues 140-184 as is seen in the ubiquitylation assay. Finally, to directly
examine whether HMD stimulation of H2Bub is DNA-dependent, in vitro ubiquitylation assays
can be carried out using histone octamers, as well as H2A-H2B dimers, as a substrate, to

determine if Rad6 still responds to HMD stimulation in this context.
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43  WHATIS THE ROLE OF PAF1C, TRANSCRIPTION, AND OTHER

CELLULAR FACTORS IN HMD-DEPENDENT H2BUB?

Though overexpression of the HMD is sufficient to support global H2Bub in the absence of
Paf1C (Figure 12), Pafl and Ctr9 are required for normal levels of the modification and appear
to have roles beyond promoting Rtf1 stability (Figures 5 and 6A). Furthermore, reduced activity
of full-length Rtf1 in the absence of other Paf1C subunits (Figure 12B) suggests the possibility
of an inhibitory domain within Rtf1. An attempt to purify full-length Rtf1 bearing an N-terminal
GST tag and C-terminal His tag for use in ubiquitylation assays was unsuccessful due the fact
that the full-length protein is unstable and could not be separated from breakdown products.
Other purification strategies might be explored, as it would be interesting to see whether full-
length Rtfl is hypofunctional in vitro as in vivo. Intact Paf1C can be purified from yeast cells
via TAP-tagging of the endogenous subunits (Krogan, Kim, et al. 2002; Squazzo, et al. 2002;
Dermody and Buratowski 2010). Personal conversations with Dr. Joseph Reese at Penn State
University indicated that complex purified from strains expressing Pafl-TAP was deficient in
Pol II binding in in vitro assays, whereas complex purified from strains expressing Leol-TAP
was fully functional. It would be interesting to compare the activity of the full Pafl1C to that of
the HMD, both in our minimal in vitro system as well as in the context of active transcription
(see below), where the role of the full human complex has been previously characterized (Kim,
et al. 2009).

Our studies indicate that the role of the HMD in promoting H2Bub is direct and at least
partially independent of transcription. Nevertheless, the minimal system used in my in vitro
experiments differs from what is seen in the cell in that, in the in vitro system, the HMD is not

essential for the detection of H2Bub. This may be due to requirements imposed by the cellular
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environment that are not present in an in vitro setting; alternatively, it may be that H2Bub in an
rtflA strain remains below the level of detection due to the activity of the deubiquitylating
enzymes Ubp8 and Ubp10 (and possibly, Ubp7 as well). Although H2Bub remains undetectable
by the FLAG-H2B method in an rtfi4 ubp84 strain (Piro, et al. 2012), it may be informative to
examine global H2Bub levels with the a-H2Bub antibody in an r#fi4 ubp84 ubpl04 ubp74
strain.

If H2Bub remains undetectable in this context, it may be because the act of transcription
renders Rad6 and Brel insufficient to catalyze H2Bub in the absence of the HMD. The
transcription-coupled assay that observed an absolute requirement for hPaflC included a
number of additional factors, including TFIIS, Mediator, and general transcription factors (Kim,
et al. 2009). I have purified the components of a more minimal transcription-coupled in vitro
system, described in the Appendix. It will be interesting to see whether this system recapitulates
the requirement for Paf1C, and if so, whether the HMD can also independently promote H2Bub
in this context. This system is also suited for addressing the question of whether H2Bub exerts
an effect on Pol II transcription, stimulatory or otherwise (see Section A.3).

Once the activity of the HMD and PaflC have been more fully characterized in these
minimal systems, additional factors can be added to reactions to examine their contributions and
interplay with the HMD/Paf1C. Given that both TFIIS and Mediator stimulate H2Bub in vitro in
assays using human enzymes (Kim, et al. 2009; Yao, et al. 2015), it would be interesting to
observe the effect of adding the orthologous yeast factors to transcription-free and transcription-
coupled in vitro reactions. As a strain lacking the TFIIS ortholog Dstl does not have an in vivo
H2Bub defect (Figure 14A), it is possible that the in vitro effect of TFIIS on H2Bub is an

indirect consequence of transcription; however, TFIIS/Dstl may stimulate H2Bub directly in a
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manner that is redundant with another factor in vivo. Mediator stimulates H2Bub in a
transcription-free assay, largely through the activity of the MED23 subunit (Yao, et al. 2015).
While no MED23 ortholog has been identified in S. cerevisiae, this may be a function of
relatively weak sequence conservation between the yeast and human complexes (Allen and
Taatjes 2015). Rtfl shows high ERC with several Mediator subunits (data not shown), and
deletion of RTF1 in yeast in combination with the deletion of SRB5, which encodes a Mediator
subunit, results in synthetic phenotypes (Costa and Arndt 2000). It would therefore be
interesting to examine the in vitro activity of the yeast Mediator complex in the context of
reactions containing or lacking the HMD. Should one seek to carry out reactions using human
factors, I have purified human HMD derivatives that can be used for this purpose. Additional
factors are known to promote H2Bub in vivo and could also be added to reactions, including the
FACT complex and Lgel.

Mutant Rad6 proteins lacking the nine most N-terminal residues or the 18 most C-
terminal residues are hypofunctional in vitro but respond to stimulation by the HMD (Figures
22B and 23), indicating that these regions of Rad6 are not essential for the HMD-Rad6
interaction. If successful, solving the structure of the HMD-Rad6 fusion protein will directly
identify the Rad6 surface mediating the interaction. This will allow for validation through the
use substitutions within Rad6 predicted to disrupt the HMD-Rad6 interaction, the effects of
which can be assessed both in vivo and in vitro. As a complementary approach, Brendan
McShane is generating random mutations within RAD6 and looking for suppression of
phenotypes associated with mutations to the HMD. Beyond identifying the HMD-Rad6
interaction surface, a co-crystal structure may provide clues as to the mechanism of HMD

stimulation. This may be assisted by the use of molecular modeling tools. Given that structures
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already exist for the individual essential components of HMD-mediated H2Bub (Luger, et al.
1997; Kumar, et al. 2015; Kumar and Wolberger 2015), it is possible that such modeling might

be used to suggest possible interactions between the HMD and the nucleosome and/or ubiquitin.

44  APPLICATIONS OF THIS WORK TO HUMAN HEALTH

In recent years, researchers have come to more fully appreciate the many connections between
H2Bub and human health (see Section 1.7). Although my studies of HMD-mediated H2Bub are
focused on budding yeast, it is possible to imagine therapeutic applications of this work. While
the underlying cause of H2Bub loss observed in many types of cancer is unknown (Dickson, et
al. 2016), the absence of the mark in parathyroid tumors is associated with mutations to CDC73
(Hahn, et al. 2012). If the human HMD proves capable of stimulating H2Bub in the absence of
Paf1C as I observed in yeast, it may be a candidate for gene therapy approaches to treating such
tumors. Thus far, stimulation of H2Bub is the only activity identified for the HMD, meaning
that its use as a therapeutic might be less likely to cause off-target effects. Additionally, some
have explored the potential use of Rad6 inhibitors (Sanders, et al. 2013). Such inhibitors seek to
target the DNA-repair function of Rad6, which is largely a function of Radl8-mediated
ubiquitylation of proliferating cell nuclear antigen (PCNA) (Hoege, et al. 2002), although Brel-
mediated H2Bub is also implicated in this pathway (Hung, et al. 2017). Furthermore, studies are
underway to explore the potential therapeutic uses of El inhibitors for a variety of conditions
(Petroski 2008). In cases such as these where inhibition of H2Bub might represent an unwanted
side effect, exogenous delivery of the HMD could potentially serve to counteract this by driving

residual Rad6 activity towards H2Bub.
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In contrast to cancers in which loss of H2Bub is observed, some malignancies, notably
those mediated by mixed lineage leukemia (MLL) rearrangements, exhibit abnormally elevated
levels of H2Bub (Wang, et al. 2013). Recently developed therapies that impair H2Bub have
shown efficacy in extending survival (Castro, et al. 2017) but target the H2Bub pathway
indirectly. It is possible that disruption of HMD function, via small molecule inhibitors or other
methods, may represent a more targeted approach.

In summary, my studies of the Rtfl HMD have shown that it has a direct role in
promoting H2Bub that is independent of Paf1C and transcription. These studies and the work of
my colleagues and collaborators have laid the groundwork for several further lines of
investigation, many of which are actively ongoing, to further probe the molecular mechanisms
governing this important modification. Moving forward, it will be exciting to apply this
knowledge to the broadening understanding of the role that H2Bub plays in regulating

fundamental processes in humans.
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APPENDIX A: CONSTRUCTION OF A TRANSCRIPTION-COUPLED IN VITRO

UBIQUITYLATION SYSTEM

A.l INTRODUCTION

The use of in vitro systems with defined components allows for detailed dissection of the
molecular mechanisms that govern fundamental biological processes such as the post-
translational modification of histone proteins. In this appendix, I describe in detail a protocol for
the reconstitution and purification of yeast nucleosomes, and some potential applications of this

system to our studies of HMD-mediated H2Bub.

A2 MATERIALS AND METHODS

The protocols described in Sections A.2.2, A.2.3, A.2.4, A.2.5, and A.2.6 are modified versions
of protocols received from the lab of Dr. Joseph Reese. J. Brooks Crickard of the Reese lab

provided many helpful suggestions related to these protocols.
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A.2.1 Plasmids used

The DNA template is made from a plasmid containing a fragment from the Hsp70 G-less
cassette (Zhang, et al. 2004), which was amplified and cloned into a pBluescript KS(+) vector
that expresses the 601 nucleosome positioning sequence (NPS) (Thastrom, et al. 1999) and
confers resistance to ampicillin (Amp) using Sacl and Sacll sites. The plasmid was transformed
into E. coli DH5-a cells and added to the KB collection (KB1223). Note that the E. coli cells are
extremely sick when carrying this plasmid.

Sequences encoding the yeast genes HTAI, HTBI, HHT1, and HHF1 were amplified
and cloned into the pET11a vector using Ndel and BamHI sites (Saha, et al. 2002). Genes are
under control of the T7 promoter, and the pET11a vector contains the lac repressor and confers
resistance to Amp. Plasmids were transformed into E. coli and added to the KB collection, both
in DH5-a cells (KB1198-KB1201) and in BL21 Codon Plus (DE3) RIL cells (KB1202-
KB1205). Note that chloramphenicol (Chl) is needed to maintain selection for rare tRNAs
expressed in RIL cells. An H2BK123R derivative was also made by site-directed mutagenesis
of wild-type HTBI, and was also transformed into both DH5-a cells and BL21 Codon Plus
(DE3) RIL cells and added to the KB collection (KB1206-KB1207).

Sequence encoding the yeast gene NAPI was amplified and cloned into the pET28
vector. NAPI is under the control of the T7 promoter and has an N-terminal 6XHis tag, and the
pET28 vector contains the lac repressor and confers resistance to kanamycin (Kan). The
plasmid was transformed into E. coli and added to the KB collection, both in DHS5-a cells
(KB1208) and in BL21 (DE3) pLysS cells (KB1209). All plasmids used in this chapter except
for the plasmid encoding the H2BK123R derivative were generous gifts from the lab of Dr.

Joseph Reese.
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A.2.2 Purification of template

Primers BVO58 and BVO59 and Pfu DNA polymerase were used to amplify a 309bp double-
stranded DNA fragment from pKB1223. To generate template with a 5' biotin label, BVO70
was used instead of BVO59. The PCR products were then subjected phenol-chloroform isoamyl
alcohol/chloroform isoamyl alcohol (PCI/CI) extraction, followed by an EtOH precipitation and
resuspension in 0.1X TE. DNA was then gel extracted using the Wizard kit (Promega) (note that
this final gel extraction step is imperative). This "tailless" DNA (with and without the biotin
moiety) was used in nucleosome reconstitution trials.

To make "tailed template", PCI/CI treated material was subjected to an overnight digest
with BgllI, then treated with calf intestinal alkaline phosphatase (CIP) for 3 hours at 37°C and
again subjected to PCI/CI extraction followed by an EtOH precipitation and resuspension in
0.1X TE. The tail (BVO57) was ligated using T4 DNA ligase (NEB). Note that the tail should
be added in great molar excess; the ratio of tail:template in ng should be ~0.9:1.0. Tailed

template was then gel extracted using the Wizard kit.
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G-less cassette 601 Nuc. Pos. Sequence

5'— AGATCT 3
3'== TCTAGA Biotin 5’
l Bgl Il digestion, ligation
G-less cassette 601 Nuc. Pos. Sequence
5’ GATCT 3
3’ ATTAAAAAAAACTAGA Biotin 5’

Figure 27: Generation of a biotinylated, tailed template.
Schematic showing the template used in reconstitution of yeast nucleosomes. The double-stranded template is
309bp in length prior to digestion and ligation of the tail. It contains 70bp of a G-less cassette, amplified from a
previously described plasmid (Missra and Gilmour 2010), upstream of a 147bp nucleosome positioning sequence
derived from a SELEX experiment (Lowary and Widom 1998). The diagram is to scale with the exception of

bases/base pairs shown as letters.

A.2.3 Purification of His-Nap1 and histones

For purification of H2A, H2B, H2BKI123R, and H4, histone expression plasmids were
transformed into BL21 Codon Plus (DE3) RIL cells. Fresh transformants were used to inoculate
LB-Amp-Chl media, and cells were grown to an ODgg of ~0.4-0.5, followed by induction with
ImM IPTG. Cells were harvested at ~3.5 hours post-induction, and pellets were flash frozen
and stored at -70°C. Histone H3 expressed poorly in RIL cells and was instead purified from
Rosetta (DE3) pLysS cells. An IPTG induction time course indicated that the optimal time for
harvesting cells expressing H3 is 2 hours post-induction.

Pellets were resuspended in 25mL of TW buffer (50 mM Tris-HCI, pH 7.5, 100 mM

NaCl, 1 mM Na-EDTA, 5 mM B-mercaptoethanol, 1% Triton X-100, and 1X protease inhibitors
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(167pg/mL PMSF, 0.7pug/mL pepstatin, 0.5pug/mL leupeptin, 0.5ug/mL aprotinin)) per liter of
culture and lysed with an EmulsiFlex-C3 homogenizer. Samples were then sonicated
("standard" tip, 2X20 seconds on setting 2, 7X20 seconds on setting 3, with one minute on ice
in between), and inclusion bodies were pelleted by spinning for 20 minutes at 20,000xg and 4°C
in SA-600 tubes. Samples were resuspended in 25mL TW buffer plus 1X protease inhibitors per
liter of culture by using a PipetAid, and then pelleted again. Samples were then washed twice by
resuspending in 25mL wash buffer (TW buffer minus Triton X-100) plus 1X protease inhibitors
with 20 minute, 20,000 x g, 4°C spins in between. Following the final spin, inclusion bodies
were flash frozen and stored at -70°C.

Inclusion body pellets from one liter of culture were thawed on ice for ~10 minutes and
were then soaked in 200 pL of dimethyl sulfoxide for ~30 minutes at room temperature.
Samples were minced well with a spatula, and the volume was then brought up with 6.5mL of
freshly made unfolding buffer (7M guanidine HCI, 20mM Tris-Cl pH 7.5, 10mM DTT), and
samples were incubated on a tabletop shaker with gentle shaking for one hour at room
temperature. Samples were then collected by spinning for 20 minutes at 20,0000 x g and 4°C in
SA-600 tubes. Supernatent was set aside, and pellets were minced again in an additional 1.5mL
of unfolding buffer, followed by incubation on a tabletop shaker with gentle shaking for 20
minutes at room temperature. Samples were then collected again by spinning for 20 minutes at
20,0000 x g and 4°C in SA-600 tubes. Supernatents were combined and dialyzed against 2L of
urea dialysis buffer (10mM Tris-CI pH 8.0, 100mM NacCl, 7M deionized urea, ImM EDTA pH
8.0, SmM fB-mercaptoethanol) for 4 hours at room temperature, followed by a buffer change and
overnight dialysis at 4°C. Urea dialysis buffer is made using a freshly made 8M urea stock that

is deionized by stirring with 25g/L of AG501-X8 resin for 30 minutes at room temperature.
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Stirring must be gentle enough not to crush the beads but vigorous enough that they are evenly
distributed throughout the solution.

Histones were then purified by ion exchange, using the fast protein liquid
chromatography (FPLC) machine with assistance from Dr. Adam Wier and Christopher Amrich
from Dr. Andrew VanDemark’s lab. HiTrap Q and SP ion exchange columns (5SmL) were set up
in tandem, with the Q column first. Columns were washed with 50mL buffer A (10mM Tris-Cl
pH 8.0, 7M urea, ImM EDTA pH 8.0, ImM DTT), then with 50mL buffer B (same as buffer A,
plus 1M NaCl), then equilibrated in 10% buffer B/90% buffer A. Buffers were made using a
freshly made 10M urea stock that is deionized as described above. Samples were filtered with a
syringe filter prior to loading onto the ion exchange columns; note that histone H4 tends to form
precipitates during dialysis. The columns were then washed with several column volumes of
10% buffer B/90% buffer A (until the UV trace has returned to baseline). The Q column was
then removed. Elution was performed as a 10% buffer B/90% buffer A to 40% buffer B/ 60%
buffer A gradient for histones H2A and H2B, and as a 20% buffer B/80% buffer A to 50%
buffer B/ 50% buffer A gradient for histones H3 and H4, over 20 column volumes (100mL) at a
flow rate of 4mL/minute. Following the gradient elutions, the Q column was washed with 100%
buffer B.

Elution fractions were examined on a Coomassie-stained SDS-PAGE mini gel, and
fractions containing histones were pooled and dialyzed into lyophilization buffer (10mM Tris-
Cl pH 8.0, 5SmM B-mercaptoethanol) overnight at 4°C, with 1X PMSF (167ug/mL) added to the
dialysis bag. Dialysis buffer was changed twice, at 3 hours and at 6 hours. Following dialysis,
samples were divided into 2mg aliquots, as determined by adjusted A280 readings, which were

confirmed by comparing proteins to a lysozyme standard on a Coomasssie-stained SDS-PAGE
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mini gel. Aliquots were then lyophilized at the Peptide Synthesis facility of the Pitt Genomics
and Proteomics Core Laboratory, and kept in long-term storage at -20°C.

For purification of His-Napl, pKB1208 was transformed into BL21 (DE3) pLysS cells.
Fresh transformants were used to inoculate 50mL LB-Kan-Chl media, and cells were grown at
37°C to an ODggg of ~1.0. These cells were used to inoculate 1L of LB-Kan-Chl. Cells were
grown at 37°C to an ODggy of ~0.4-0.5, then shifted to 30°C and grown for an additional 20
minutes. Napl expression was then induced with 0.4mM IPTG. Cells were harvested at 2.5-3
hours post-induction, and pellets were flash frozen and stored at -70°C.

The pellet was resuspended in 25mL lysis buffer (50mM Tris-Cl pH 8.0, 100mM KClI,
10mM imidazole, SmM [-mercaptoethanol) plus 1X protease inhibitors (167pg/mL PMSEF,
0.7pug/mL pepstatin, 0.5pug/mL leupeptin, 0.5pug/mL aprotinin) and lysed with an EmulsiFlex-C3
homogenizer. Sample was then sonicated (9X20 seconds on setting 7 with 1.5 minutes on ice in
between). Lysate was then spun in SA-600 tubes for 20 minutes at 20,000 x g and 4°C.

Fresh protease inhibitors were added to the supernatant, which was incubated with
2.5mL (see note below) of pre-equilibrated (in lysis buffer) Ni-NTA resin in a 50mL Falcon
tube with gentle mixing for 2 hours at 4°C. Resin was collected by low-speed centrifugation (1
minute, 500rpm, 4°C) and then washed three times by gentle mixing with lysis buffer plus 1X
protease inhibitors. Resin was then transferred to a disposable column and washed with 10
volumes of buffer A (20mM Tris-Cl pH 8.0, 100mM KCI, 20mM imidazole, 10% glycerol,
5mM B-mercaptoethanol) plus 1X protease inhibitors, then with 5 volumes of buffer B (same as
buffer A but with 1M KCI) plus 1X protease inhibitors, then with 10 additional volumes of
buffer A plus 1X protease inhibitors. Sample was eluted with 25mL elution buffer (20mM Tris-

Cl pH 8.0, 100mM KCI, 150mM imidazole, 10% glycerol, 5SmM B-mercaptoethanol) and
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collected in 1.0-1.5mL fractions. Fractions were then examined by SDS-PAGE/Coomassie
staining and pooled. The presence of a considerable amount of His-Napl in the unbound
fraction indicates that more Ni-NTA resin should be used for future purifications.

Next, the sample was purified by ion exchange. A HiTrap Q column (5mL) was
equilibrated in 0.1M Q buffer (20mM Tris-Cl pH 8.0, 100mM KCI, 0.5mM EDTA pH 8.0,
20mM imidazole, 10% glycerol, SmM B-mercaptoethanol). Sample was loaded by hand and a
“step” elution was performed by adding 15mL of 200mM KCIl Q buffer (same as above with
respect to other components), then 15mL of 300mM KCI Q buffer, then 15mL of 400mM KCl
Q buffer, then 15mL of 600mM KCI Q buffer, followed by a final wash with 10mL 1M KCI Q
buffer. Elution fractions were examined by SDS-PAGE/Coomassie staining, pooled, and
dialyzed into storage buffer (20mM HEPES-OH pH 7.9, 100mM KCl, 0.2mM EDTA pH 8.0,
20mM imidazole, 10% glycerol, ImM B-mercaptoethanol). Sample was then concentrated with

a Vivaspin concentrator, flash frozen, and stored at -70°C.

A.24 Purification of H2A-H2B dimers and H3-H4 tetramers

Lyophilized, 2mg aliquots of each core histone were incubated in 750uL of freshly made
unfolding buffer with rotation at room temperature for 75 minutes. H2A sample was then
combined with H2B, and H3 sample was combined with H4. Samples were then dialyzed into
2L of freshly made refolding buffer at 4°C (2M NaCl, 10mM Tris-Cl pH 7.5, 0.5mM EDTA pH
8.0, SmM B-mercaptoethanol). It is imperative that refolding buffer be pre-chilled to 4°C prior
to beginning dialysis. Buffer was changed at 2 hours, 4 hours, and 6 hours, and then dialysis

proceeded overnight.
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On the same day that histones are unfolded and refolded, one should equilibrate the Bio-
Rex 70 (Bio-Rad) resin that is used to purify dimers and tetramers. In a 50mL Falcon tube,
8.33g of resin was mixed with 20mL of low-salt “refolding buffer” (500mM NaCl, 10mM Tris-
Cl pH 7.5, 0.5mM EDTA pH 8.0, 5SmM B-mercaptoethanol) for 30 minutes at 4°C, then
collected by spinning at low speed (500rpm) for 2 minutes at 4°C. An additional 20mL of low-
salt refolding buffer was added and incubated with the resin for an additional 30 minutes at 4°C,
then collected as described. The conductivity of the supernatant was compared to that of the
buffer to confirm that they were the same; if the two values are different, an additional buffer
exchange should be performed. The resin was resuspended in low-salt refolding buffer and the
pH was measured. The pH was adjusted with HCI until the pH of the resuspended resin matched
that of the low-salt refolding buffer. Resin was collected as described, then resuspended in
20mL low-salt refolding buffer and incubated overnight at 4°C.

Following overnight dialysis into 2M NaCl refolding buffer, the salt concentration of
each sample was diluted to 500mM NaCl by adding no-salt “refolding buffer” (10mM Tris-Cl
pH 7.5, 0.5mM EDTA pH 8.0, 5SmM B-mercaptoethanol). Each sample (H2A/H2B; H3/H4) was
then added to ~1mL bed volume of equilibrated Bio-Rex 70 resin and incubated with rotation
for six hours at 4°C. Resin was then packed into a disposable column and washed with 15mL of
wash buffer (H2A/H2B: 500mM NacCl, 10mM Tris-Cl pH 8.0, 0.5mM EDTA pH 8.0; H3/H4:
750mM NaCl, 10mM Tris-Cl pH 8.0, 0.5mM EDTA pH 8.0). Samples were then eluted with
6mL elution buffer (H2A/H2B: 1M NaCl, 10mM Tris-Cl pH 8.0, 0.5mM EDTA pH 8.0;
H3/H4: 2M NaCl, 10mM Tris-Cl pH 8.0, 0.5mM EDTA pH 8.0) and collected in seven ~850uL
fractions. Flowthrough, wash and elution fractions were then examined by SDS-

PAGE/Coomassie staining. Elution fractions were pooled (see below) and concentrated to a
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final concentration of 0.5-2.0 mg/mL, then mixed with 100% glycerol to a final concentration of
50% and stored at 4°C. Accurate concentrations of dimer and tetramer can be difficult to obtain
by A280, and it is advisable to quantitate these preps against a standard such as lysozyme or
BSA before proceeding to nucleosome reconstitutions.

Per communication with Dr. Joesph Reese’s lab, the Bio-Rex 70 resin should bind to
histone dimers and tetramers, and not histone monomers. The protocol received from Dr. Joseph
Reese’s lab states that fractions in which the H2A:H2B or H3:H4 ratios are 1:1 as determined
by SDS-PAGE/Coomassie staining should be pooled, while other elution fractions should be
excluded. My experience was that all elution fractions from H2A/H2B samples displayed an
H2A:H2B ratio of ~1:1, while the elution fractions from most H3/H4 samples contained a
substantial excess of H4. Probing of H3/H4 elution fractions for H3 and H4 by western blot
revealed that H3 preferentially failed to fully resolve in the gel, likely leading to an artificially
low H3:H4 ratio by Coomassie. Therefore all H3/H4 elution fractions were pooled,

concentrated and stored as described irrespective of apparent H3:H4 ratio.

A.2.5 Nucleosome reconstitutions

Two attempts were made to reconstitute nucleosomes using an unlabeled template and ethidium
bromide for visualization. Weak staining made it extremely difficult to assess the results. All
subsequent reconstitutions were performed with template that was radiolabeled with y-ATP.
Note that radiolabeling of template is for purposes of titrating nucleosome reconstitutions and
obtaining substrates for binding assays, and should not be performed when making nucleosomes

for the transcription-coupled assays described in Section A.3.
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Following preparation of “tailless” template as described in Section A.2.2 (note that
template can be biotinylated or not depending on downstream applications), template was end-
labeled using T4 Polynucleotide Kinase (NEB). Approximately 1.25ug of template was labeled
in a 20uL reaction carried out in 1X PNK buffer (NEB) using 10U (1pL) of enzyme.
Approximately 25uCi of y-ATP was used in each labeling reaction. Reactions were incubated at
37°C for a minimum of 30 minutes, and labeled DNA was then purified using a G-50 spin
column. The column was drained of buffer for 10 minutes, and excess buffer was removed by
gentle tapping. The column was then spun for 2 minutes at 2500 rpm in a tabletop centrifuge,
and excess buffer was again removed by gentle tapping. Following transfer of the column to a
fresh collection tube, the labeling reaction was added to the center of the membrane, and the
column was then spun for 5 minutes at 2500 rpm in a tabletop centrifuge. The success of the
labeling reaction was confirmed by checking 1uL of sample with a scintillation counter.

For purposes of calculating DNA input in nucleosome reconstitutions, 100% recovery
from the G-50 column was assumed. Initial reconstitutions were performed with 1pug of DNA,
of which 270ng was labeled and 730ng was unlabeled. Later reconstitutions were scaled down
to ~650ng of total DNA, keeping the ratio of “hot” to “cold” DNA the same.

Reconstitutions were carried out in 1X assembly buffer (10mM HEPES-KOH pH 7.6,
50mM KCI, 5SmM MgCl,, 10% glycerol, 2mg/mL BSA) which was made by adding a from a
4X stock to a final 1X concentration. Reaction volumes are partially determined by protein
concentrations (usually tetramer concentrations) but should not exceed 50pL. Reaction
components are added in the following order: 4X assembly buffer and ddH,O, then His-Napl,
then dimer, then tetramer. Following gentle mixing, reactions are incubated for 30 minutes on

ice. Hot and cold DNA are then added, along with additional 4X assembly buffer to keep the
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concentration at 1X, and reactions were then incubated at 30°C for 4 hours. Reactions are then
spun for minutes at 13,500rpm in a 4°C microfuge to remove aggregates. Samples were
transferred to a fresh Eppendorf tube and stored at 4°C.

The amount of proteins added to the reactions is determined by performing titrations.
For each titration experiment performed, three reactions were carried out, keeping DNA amount
constant and varying the amount of the protein components added. A reaction containing only
DNA was carried out as a control. As a starting point, the Reese lab protocol suggests that the
molar ratio of tetramer:DNA should be 0.8-1.1:1, that the ratio of dimer:tetramer should be 2.2-
2.5:1, and that the ratio of His-Nap:dimer should be 2:1. My experience was that a successful
reconstitution, i.e. one in which all of the template DNA was incorporated into nucleosomes,
fell well outside these ratios (see Figures 26B and 26C for molar ratios of individual reactions),
possibly indicating inaccurate quantitation of one or more reaction components.

To determine the success of the reconstitutions, dye-free TBE loading buffer was added
to samples at a final concentration of 10% sucrose and 0.75X TBE. Samples were loaded to a
4%, 0.5X TBE native polyacrylamide gel that had been pre-run at 100V for a minimum of 1
hour, and the gel was run at 100V for ~4 hours in the cold room (~4°C). TBE loading buffer
containing bromophenol blue dye was run in outside, empty lanes in order to estimate the

migration of samples. Gels were dried and imaged on a Typhoon FLA 7000 instrument.

A.2.6 Gel purification of labeled nucleosomes

A nucleosome reconstitution was performed as described in Section A.2.5 using 700ng of
labeled template. Ratios of other components were determined by titration as shown in Figures
28B and 28C. The sample was loaded to a 5%, 0.3X TBE native polyacrylamide gel that had
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been pre-run at 180V for a minimum of 1 hour, and the gel was run at 180V for ~4 hours in the
cold room (~4°C). A free DNA sample was loaded for purposes of comparison to the
nucleosome reconstitution sample, and TBE loading buffer containing bromophenol blue dye
was run in outside, empty lanes in order to estimate the migration of samples.

The glass plates containing the gel were then separated, and the gel was covered with
saran wrap. A radioactive Sharpie was used to create landmarks near the gel for purposes of
orientation. The gel was covered with a radiation-sensitive screen for 5 minutes, and an image
was taken on a Typhoon FLA 7000 instrument. With assistance from Roni Lahr and Daniel
Totten in Dr. Andrea Berman’s lab, this image was used to create a transparency, which was
aligned to the landmarks so that the positions of free DNA and nucleosomes could be identified.
Nucleosomes were excised from the gel. A second image was taken to confirm that
nucleosomes had been removed and that any free DNA in the sample remained in the gel. The
excised gel slice was transferred to an Eppendorf tube, crushed with a closed P200 tip, and then
incubated overnight with rotation at 4°C in 200uL gel elution buffer (10mM Tris-Cl pH 7.4,

100mM NaCl, ImM EDTA pH 8.0, 5mM DTT, 0.5mM PMSF, 0.1 mg/mL BSA).
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Figure 28: Reconstitution of yeast nucleosomes
(A) Coomassie stained gel showing the successful purification of the 4 core histones prior to lyophilization. (B and
C) Nucleosome reconstitutions were performed by titrating dimer, tetramer, and His-Nap1 in order to determine the
amount required for full incorporation of radiolabeled DNA into the nucleosome. The approximate molar ratios of
each component, relative to the DNA, are: (1) Tetramer: 3.8:1; Dimer: 14.4:1; His-Napl: 28.3:1 (2) Tetramer:
6.6:1; Dimer: 14.4:1; His-Nap1: 28.3:1 (3) Tetramer: 6.6:1; Dimer: 20.1:1; His-Nap1: 39.6:1 (4) Tetramer: 11.6:1;
Dimer: 35.2:1; His-Napl: 69.3:1 (5) Tetramer: 16.6:1; Dimer: 50.3:1; His-Nap1: 99.0:1. Reaction 4 indicates the

optimal molar ratios for a reconstitution using these reagents. Note that a titration must be performed with each

new batch of reaction components.
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Samples were then centrifuged for 5 minutes at 21,000 x g and 4°C, and a barrier tip was used
to transfer the liquid to a fresh Eppendorf tube. 5X gel final buffer (10mM Tris-Cl pH 7.4,
100mM NaCl, ImM EDTA pH 8.0, 5mM DTT, 0.5mM PMSF, 0.1 mg/mL BSA, 50% glycerol,
0.25% NP-40) was added to a final concentration of 1X. An aliquot of the sample was checked
with a scintillation counter. To estimate the DNA content of the purified nucleosomes, I
assumed 90% recovery of DNA from the end-labeling reaction. The reading from the
scintillation counter at the time of the end-labeling reaction was adjusted for decay, and
compared to the reading from the purified nucleosome sample to determine the percent

recovery.

A3 APPLICATIONS OF THIS SYSTEM

The role of transcription in HMD-mediated H2Bub, and the effect of H2Bub on transcription,
remain open questions. The DNA template described in this chapter can be used to carry out
transcription-coupled, in vitro ubiquitylation reactions. Unlike previous transcription-coupled
systems that have examined H2Bub, which make use of a host of initiation factors (Kim, et al.
2009), transcription from a tailed template can be initiated by simple addition of the
dinucleotide UpG (Zhang, Fu, et al. 2005; Kruk, et al. 2011). Pol II can be preincubated with
radioactive [o->*P] UTP, followed by addition of a “cold” nucleotide mix lacking GTP. Pol II
will then transcribe through the G-less cassette portion of the transcript, upstream of the
nucleosome, and arrest when it encounters a guanine. At this point, GTP and cold UTP are
added to the reaction, plus or minus factors of interest (Kruk, et al. 2011), such as ubiquitylation

factors including the HMD. H2Bub can then be measured by western blot to determine the role
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of the HMD in the context of active transcription. Furthermore, assuming that ubiquitylation
takes place under these conditions, the amount of labeled “run-off” RNA products can be
assessed to determine the effect of ubiquitylation on transcriptional output. Such reactions can
be carried out on nucleosomes purified as described above, or using biotinylated nucleosomes
that have been immobilized on streptavidin beads, as has been described (Yun, et al. 2012). The
latter method has the advantage of confidently removing the His-Napl used in reconstitutions

from the reactions.

As described in Section 3.2.5, radiolabeled nucleosomes can be purified and used as
substrates in binding assays. The binding assays I conducted used nucleosomes devoid of any
histone modifications. In the cell, however, catalysis of H2Bub occurs in the context of
nucleosomes that are copiously and dynamically modified at other sites. The cumulative
evidence of in vitro studies of H2Bub suggests the possibility of modifications that are
inhibitory to HMD stimulation of H2Bub (see Section 3.4). If one wishes to make nucleosomes
containing specific modifications, in vitro reactions with the required histone modification
factors can be carried out as described on immobilized nucleosomes (Yun, et al. 2012), which
can subsequently be released from beads via restriction enzymes and gel purified for use in
binding assays. Finally, this system is readily adaptable to the study of histone mutants and the
effects that they have on ubiquitylation. Mutant nucleosomes can be constructed to examine, for
example, the effect of the HMD in the context of mutations to the H2A repression domain (see
Section 1.5.2), or to examine the effect of the HMD on Rad6-dependent ubiquitylation of other

sites on H2B, as described in Section 4.1.
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