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Abstract 

 

Ubiquitination of histones is involved in the maintenance of chromatin dynamics and genome 

stability through its ability to regulate gene expression and DNA damage repair. Nucleosomal 

histones H2A and H2B have been predominantly targeted for monoubiquitination. In 

mammals, Histone H2B gets mono-ubiquitinated in the conserved Lys-120 (K120), 

corresponding to Lys-123 (K123) in Budding Yeast. This initiates a degradation independent 

pathway which facilitates recruitment of other ‘writer’ enzymes involved in H3K4 and H3K79 

methylation which subsequently helps establish an epigenetic crosstalk network with the 

H2BK120Ub mark. In humans, H2B K120 monoubiquitination is associated with disruption 

of chromatin compaction and increased transcription. Recently, our work had identified 

Ubiquitin Protein Ligase E3 Component N-Recognin 7 (UBR7) to be a novel H2BK120 

monoubiquitin ligase which pairs with E2 conjugate UbcH6 for its E3 ligase function. In the 

present thesis work, to gain insight into the previously unknown mechanism of UBR7 mediated 

ubiquitin transfer, I have extensively mapped the E3-E2 binding interface between UBR7 and 

UbcH6. The results obtained suggest that atypical PHD finger of UBR7 is crucial for 

interaction with UbcH6 and concomitant substrate histone H2B monoubiquitination. The 

critical loop regions of UbcH6 involved in UBR7 interaction were identified and their role in 

UBR7 mediated H2B monoubiquitination was assessed. The histone H2B C-terminal tail (114-

125) is necessary and was found sufficient by itself to undergo UBR7/UbcH6-mediated 

monoubiquitination. PHD finger was found to mediate dimerization of UBR7 and I used SEC-

MALS to determine the molecular mass of UBR7-PHD in solution. Furthermore, the residues 

mapped to the dimerization interface were found implicated in cancer and were also critical in 

regulating E3 ubiquitin ligase function of UBR7. Upon dimer deficiency, the E2 and substrate 

binding of UBR7 was found to be compromised. Finally, I  have also compared the mode of 

ubiquitin transfer of UBR7 to RNF20, a previously reported H2B K120 ubiquitin ligase, 

through single turnover ubiquitin discharge assays. Interestingly, unlike RNF20, the 

UbcH6~Ub hydrolysis mediated by UBR7 requires substrate histone H2B association. 

Substrate H2B binding to UBR7 brings about a change in conformation within the PHD finger 

which was found to be critical for efficient ubiquitin transfer. RNF20 was not subjected to any 

such conformational change. Thus, the mechanism of ubiquitin transfer by UBR7 was found 

significantly distinct from that of RNF20. 
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1.1 Introduction to Chromatin 

The human genome in a haploid state contains approximately 3 billion base pairs of DNA 

packed within 23 chromosomes. Since the length of each DNA base pair measures 0.34 nm 

roughly, the diploid mammalian cells each contain around 2 meters of linear DNA which 

undergo elaborate packing to get accommodated inside the nucleus of about 10 μm diameter. 

Within the eukaryotic nucleus, chromatin exists in the form of a dynamic complex of DNA 

and proteins, both histone and nonhistone, that together collectively undertakes the 

implementation of proper structural and functional regulation of different DNA mediated 

processes. Chromatin is constituted of functional units called nucleosomes, which are linked 

together by linker histones and threaded in the form of arrays, resembling the classic 'beads 

on a string’ appearance, as reported by Ada and Donald Olins in 1974 using electron 

microscopy (Fig. 1.1.1). 

 

Fig. 1.1.1 Electron micrograph depicting chromatin spread in low ionic strength, 

resembling beads on a string. Size marker: 30 nm (Adapted from Olins et al, 2003) 

The nucleosomes in the array further interact with each other to form a compact 30-nm fiber, 

referred to as the secondary structure of chromatin, which is further organized into higher-
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order chromatin structures. This detailed chromatin architecture restricts DNA accessibility 

and thus it is required for nucleosomes to maintain dynamicity concerning their positioning 

and state of assembly to allow access to the base readout of DNA (Fig.1.1.2). For this 

purpose, chromatin is subjected to stringent regulation by multiple factors such as histone 

modifications or variants, chromatin remodelers, epigenetic modifiers, and histone 

chaperones. 

 

Fig. 1.1.2 Chromosomes are composed of hierarchical packaging of fibers of DNA 

tightly wrapped around histones. (Adapted from Jansen et al, 2011) 
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1.2 Early Research Leading to Determination of Nucleosome Structure 

In the first half of the twentieth century, significant advances were made in the emerging field 

of genetics. However, not much study went into exploring the structure and function of 

chromatin. It was not until the discovery of the double-helical structure of DNA (Watson & 

Crick, 1953), and the subsequent demonstration that DNA constitutes the backbone of 

continuous units that forms the chromatid (Gall, 1963) that people in this field began to work 

towards the discovery of fundamental chromatin subunit structure. This was followed by a 

series of important studies that had a profound influence on the development of this field – 

preparation of soluble histones (Zubay & Doty, 1959), discovery of the link between 

acetylation and methylation of histones and chromatin transcription (Allfrey et al, 1964) and 

the fractionation of histones (Johns, 1969), which collectively allowed the scientists to use 

biophysical tools in their efforts of determining the chromatin structure. In 1971, two 

independent groups reported that approximately 50% of the DNA in isolated chromatin 

remained accessible to nuclease degradation (Clark & Felsenfeld, 1971; Itzhaki et al, 1971), 

which was followed by an elegant study reporting the electron micrographs depicting the 

beads on a string appearance of chromatid strands from chicken erythrocyte nuclei (Olins et 

al, 1974). In the same year, research from two more groups independently established the 

existence of histone-histone interactions within the chromatin subunit (D’Anna & Isenberg, 

1974; Roark et al, 1974).  

Later in 1974, Roger Kornberg came up with his model of chromatin structure which 

suggested that a DNA stretch of around 200 bp was in complex with four histone pairs 

(Kornberg,1974) which were supported by nuclease digestion and histone crosslinking data 

generated in collaboration with J. Thomas (Kornberg and Thomas, 1974). In 1975, the 

structural subunit of chromatin was called “Nucleosome” due to their nuclear origin (Oudet et 

al, 1975) and resemblance to the chicken erythrocyte ‘nu’ bodies as described by Olins et al. 

The coined name has been unanimously accepted ever since. Subsequently, the role of 

nucleosomes as gene repressors was demonstrated by Kornberg group in vitro (Lorch et al, 

1977) and by Han and Grunstein in vivo (Han & Grunstein, 1988). In the 1980s, ground-

breaking work from Aaron Klug's group presented structural evidence that a histone protein 

octamer wraps DNA around itself in about 1.7 turns of a left-handed superhelix (Richmond et 

al, 1984). Tim Richmond's group 1997 solved the near-atomic resolution crystal structure of 
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the nucleosome for the first time (Luger et al,1997) which helped in gaining insights into the 

molecular details of the histone constituents and their interacting surfaces. Since then, 

structures of over 25 different nucleosome core particles (NCP) have been solved, including 

NCPs containing histone variants and histones from different species. These structures have 

been solved mostly using X-ray crystallography and more recently, using cryo-electron 

microscopy. 

 

1.3 Nucleosome Structure 

As mentioned earlier, the fundamental repeating unit of the chromatin is called the 

nucleosome. Each nucleosome contains a core region which is wrapped around by 145 to 147 

bp of DNA. The nucleosome core, in turn, is composed of an octameric complex of the 

histone proteins, two copies each of histones H2A, H2B, H3, and H4 (Arents et al, 1991). 

The adjacent nucleosome cores are interconnected with the help of a linker DNA, which is 

generally connected with the linker histone protein (H1 or H5). The nucleosome core together 

with the associated linker histone has been coined as chromatosome (Simpson, 1978). The 

chromatosome together with the linker DNA is collectively called Nucleosome. Within the 

nucleus, the nucleosomes organize approximately 200 bp of DNA and contribute toward 

genomic compaction. They act as a scaffold that hosts and displays a combinatorial array of 

post-translational modifications (PTMs), besides providing a platform for the binding of 

several chromatin-modifying enzymes during DNA-mediated processes. The vast variety of 

PTMs plays crucial roles in the recruitment of chromatin-modifying enzymes, thus regulating 

the chromatin signalling cascade. The nucleosomes can also undergo self-assembly to form 

higher-order chromatin structures, resulting in further genome compaction.  

The crystal structure of the nucleosome core particle (NCP) solved by the Richmond group 

(Luger et al, 1997) at 2.8 Å resolution helped the researchers working in the field to 

understand the structural intricacies of the DNA and histone surfaces involved in the 

assembly of this genomic unit. From the structure, it is evident that 146 bp of alpha-satellite 

DNA sequence wraps 1.65 times around the core octamer of histone proteins in a left-handed 

superhelix (Fig 1.3A). A single base pair is positioned at the centre of the nucleosome dyad, 

which demarcates the 2-fold pseudo-symmetrical axis of the NCP. Super helical locations 

(SHL) are used to denote DNA locations ranging from SHL −7 to SHL 7, with the 
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nucleosome dyad at SHL 0. The core histones (two copies each of H2A, H2B, H3, and H4) 

come together in the form of four histone-fold heterodimers with the N-terminal flexible tails 

protruding out of the NCP. 

 

Fig. 1.3.1 Nucleosome core particle structure. Histones are shown as cartoon 

representations where DNA is highlighted as sticks representation. Histones are 

differentially coloured as indicated. (Adapted from McGinty & Tan, 2014; PDB ID 

1KX5) 

Each of the histones contains a central core region of α-helices that forms a histone-fold 

motif, with N- and C-terminal tails extended outward. The histone fold comprises three α 

helices connected by two intervening loops (Luger et al,1997). The two peripheral helices are 

positioned to pack against the longer helix located in the centre. Histone fold of H2A pairs 

with the complementary H2B histone-fold, and similarly H3 pairs with H4 to form a cross-

brace motif. The antiparallel heterodimers thus formed result in the formation of a crescent-

shaped heterodimer with the α1 helix and the loops towards the convex surface and the α2 

and α3 helices on the concave surface. The convex surface of the histone heterodimers 

exhibits a strong positive charge and constitutes the DNA binding region of the histone fold 

(Fig.1.3.1). 
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The histone octamer is assembled using a four-helix bundle formed through mutual 

interaction of α2 and α3 helices from the adjacent histone folds. The extended structured N- 

and C-terminal regions also play a part in the assembly of the octamer. The αN helix of 

histone H3 which is located between its N-terminal tail and histone-fold is positioned on top 

of the H4 histone fold and plays an important role in defining the DNA entry/exit site of the 

NCP. C-terminal extensions of both H2A and H2B also contribute to histone packing and 

spatio-temporal arrangement within the octamer (McGinty & Tan, 2014).  

 

The β-bridges formed by the loops in the H2A-H2B dimer and H3-H4 dimer interact directly 

with the negatively charged DNA backbone. Moreover, the histone heterodimers within the 

core octamer form direct contact with three consecutive DNA minor grooves facing inwards 

towards the histones.  The histones have intrinsically disordered N-terminal tails, which 

remain exposed out from the octamer and act as target sites for histone modifications and 

thereby play crucial roles in the recruitment of several chromatin modifying enzymes (du 

Preez & Patterton, 2013). These flexible histone N-terminal tails are generally of 15 to 36 

amino acids length and can interact with DNA from the same nucleosome or DNA and 

histones from adjacent nucleosomes (Zheng & Hayes, 2003).  

 

Apart from the basic histone N-terminal tails, the nucleosomal acidic patch, composed of 

acidic residues of H2A and H2B provides another interacting hub for nucleosome binding 

proteins (Barbera et al, 2006; Makde et al, 2010; Armache et al, 2011; Kato et al, 2013; 

McGinty et al, 2014; Morgan et al, 2016 and Wilson et al, 2016). The acidic patch is located 

on the H2A/H2B dimer surface and encompasses eight acidic residues in total, six from H2A 

(E56, E61, E64, D90, E91, and E92) and two from H2B (E102 and E110) (Fig. 1.3.2). 
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Fig. 1.3.2 The nucleosomal acidic patch. The acidic residues are highlighted in red. H2B, 

H2A, H3 and H4 are shown in orange, yellow–orange, light pink and violet respectively 

on the left. On the right, the net basic charge is shown in blue and neutral surfaces are 

shown in white. DNA is highlighted in grey. (Adapted from Mattiroli et al, 2014; PDB 

ID 1KX5) 

An intact nucleosome has a diameter of approximately 100 Å and molecular weight of ∼200 

kDa respectively. The exposed solvent accessible surface of a mononucleosome is about 74 

000 Å2. From the previously solved crystal structures of reconstituted nucleosomes using 

histones from Yeast, Drosophila and Human (White et al, 2001; Clapier et al, 2008; Tsunaka 

et al, 2005), the overall nucleosomal architecture was found to remain constant with minor 

changes in the composition of exposed surfaces due to sequence differences.  

 

1.4 Histone Variants 

During the assembly of nucleosome core particles, double-helical DNA is packaged into the 

compact structure by wrapping around histone proteins. Over time, histone-fold domain-

containing proteins have evolved from ancestral archaea into the distinct core octamer 

subunits of the eukaryotic nucleosome. Within the eukaryotic genome, multiple copies of 

histone genes are generally present. Expressions of these genes are tightly regulated at 

multiple levels (Kurat et al, 2014). In higher eukaryotes, canonical histone genes remain 
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clustered and are synthesized for rapid deposition behind the replication fork. Histone 

variants are paralogs of the eukaryotic core histones which are involved in chromosome 

segregation, transcription and DNA repair (Talbert & Henikoff, 2010). While synthesis and 

deposition of canonical histones are generally coupled to DNA replication, incorporation of 

histone variants is independent of DNA replication and happens throughout the cell cycle. 

Replacement of canonical histones into noncanonical variants impacts chromatin composition 

and brings about diversity in nucleosome structure and function (Venkatesh & Workman, 

2015; Bushbeck & Sake, 2017). 

 

Of the 4 core histones, H3 and H2A have the most histone variants (Fig.1.4). The centromeric 

H3 variant, CENP-A (Cse4 in Yeast and CENH3 in plants), when incorporated into the 

nucleosome, forms the foundation for the assembly of kinetochore (McKinley and 

Cheeseman, 2016). Another constitutively expressed form of H3, H3.3 acts as substrate for 

replication-independent nucleosome assembly. H3.3 incorporation occurs at highly active 

genes and results in subtle changes in the properties of chromatin at actively transcribed loci. 

Moreover, H3.3 is also associated with repairing the gaps in the chromatin landscape caused 

due to nucleosome disruption and disassembly (Schneiderman et al, 2012; Ray-Gallet et al, 

2011).  

 

Several H2A variants have also been implicated in the regulation of chromatin. H2A.X is 

characterized by the presence of a 4 amino acid C-terminal motif where the serine at 139 gets 

phosphorylated at DNA break sites early in the double-strand break repair process. 

Phosphorylated H2A.X is denoted by γH2A.X and it acts as a target substrate for various 

components of the repair machinery (Podhorecka et al, 2010). H2A.X phosphorylation is also 

involved in mammalian spermatogenesis and has a major role in regulating condensation and 

pairing. MacroH2A and H2A.B (also called H2A.Bbd) are two vertebrate-specific variants of 

H2A, which exhibit contrasting features when incorporated within nucleosomes in vitro.  

H2A.B facilitates transcription while MacroH2A obstructs it. 
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Fig. 1.4 Protein domain architecture for the core canonical histones (H3, H4, H2A, and 

H2B), linker histone H1, and major variants of histones H3 and H2A. HFD refers to the 

histone fold domain. The sequence differences between the canonical histones and their 

variants are highlighted in red. (Adapted from Henikoff & Smith, 2015) 

Several structural studies of histone variants have helped in demonstrating some variant-

specific roles in the stability of nucleosomes. For instance, CENP-A specific nucleosomes 

were found to pack about 121 bp of nucleosomal DNA due to a shortened H3 αN helix 

(Tachiwana & Kurumizaka, 2011). H2A.Z, however, extends the H2A/H2B acidic patch and 

pushes the H2A/H2B interface across H3/H4 causing subtle destabilization (Dechassa et al, 

2011). Similar destabilization was reported in the case of testis-specific variant H3T 

(Tachiwana et al, 2010). In addition to eukaryotes, histone-like proteins are also found in 

archaea. The archaeal histones are smaller than their eukaryotic counterparts despite sharing 

the histone-fold domain with the same characteristics (Starich et al, 1996; Decannaire et al, 

2000). However, they lack the N- and C-terminal extensions and tails, which in eukaryotic 

chromatin contributes to nucleosome stability. Archaeal histones are reported to form both 

hetero- and/or homodimers, which is again in contrast with their eukaryotic counterparts. 
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1.5 Histone Post-Translational Modifications 

Apart from the DNA sequence that wraps around the nucleosome and defines nucleosome 

positioning, other distinct mechanisms are also involved in modulating nucleosome stability 

and dynamics. One such mechanism requires chemical alteration of histones which results in 

changes in the histone – DNA interactions and energy landscape. Those chemical changes 

that occur in histones post-translationally are referred to as histone post-translational 

modifications (PTMs). These reversible changes are generally enzyme driven and contribute 

to dynamic nature of DNA accessibility. The well-studied histone PTMs over the years have 

been acetylation, methylation, phosphorylation, ubiquitylation, and ADP-ribosylation along 

with a few more recently reported modifications such as crotonylation, succinylation, and 

malonylation (Bowman & Poirier, 2014).  

The discovery and identification of histone modifications have been largely possible due to 

the development of mass spectrometric techniques. Different strategies including bottom-up, 

middle-down, and top-down strategies have been employed from time to time depending on 

experimental advantages and goals. Bottom-up mass spectrometry can provide the highest 

accuracy for identifying modifications while analysing trypsin-digested small peptides.  Top-

down approach deals with intact proteins and can be used to identify a whole set of 

modifications while the middle-down approach deals with larger peptides obtained from the 

action of rarer histone cleaving enzymes. With the identification of an entire set of 

modifications within the same histone, further studies are undertaken to dissect their 

synergistic or antagonistic roles (Zhao & Shilatifard, 2019).  

Few of the above-mentioned modifications occur on the exposed N-terminal tail regions of 

the histones, which remain accessible on its surface (Fig. 1.5.1). These histone tails after 

being subjected to these modifications can directly affect inter-nucleosomal contacts and 

regulate transcription (Akhtar & Becker, 2000) and chromatin compaction positively or 

negatively (Shogren-Knaak et al, 2006; Lu et al, 2008) both in vitro and in vivo. Moreover, 

histone tail modifications are also involved in the direct recruitment of effector proteins for 

activation of subsequent signalling pathways and indirect roles in recruiting chromatin 

modifiers and transcription factors (Lawrence et al, 2016). They are also reported to restrict 

association of remodelling complexes (Margueron et al, 2005). However, it has also been 

conversely reported that complete deletion of histone tails does not critically affect 
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nucleosome stability (Ausio et al, 1989). Hence, it is likely that histone tail modifications are 

not essential for nucleosomal integrity despite being involved in the maintenance of 

chromatin landscape.  

 

 

 

 

 

 

 

 

 

 

Fig. 1.5.1 Schematic diagram of nucleosome showing all the different histone tail 

modification sites. The covalent modifications are highlighted on both N- and C-

terminal tails of each histone - methylation (Me), phosphorylation (Ph), acetylation (Ac), 

and ubiquitination. (Adapted from Tollervey & Lunyak, 2012) 

Apart from the tails, the central globular domains of the histones, which constitutes the core 

of the nucleosome, also bear a variety of modification sites (Tropberger & Schneider, 2013). 

The lateral surface of the histone globular domains, which is located on the surface of histone 

octamer and directly interacts with DNA, is especially a hub of such modifications (Fig. 

1.5.2). Since the discovery of H3 lysine 79 (H3K79) methylation in 2002, many histone 

modifications localized to the core domains have been identified. These modifications upon 

being mapped onto the nucleosome crystal structure are classified into three distinct classes - 

the exposed solute accessible face, the histone–histone interaction interface and the histone 

lateral surface. Studies suggest that modifications in these classes affect the chromatin 

structure in distinct ways. Further, the evolutionary conservation of these modifications 

across species underlines their great physiological relevance.  
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Fig. 1.5.2 Schematic diagram of nucleosome showing front and side views of histone 

globular domain modifications. DNA is depicted in grey. H3K79, highlighted in red is 

located on the exposed solute accessible face of the octamer. H3R42 (yellow), H3K56 

(orange), H3K64 (pink), and H3K122 (light green) are located on the lateral surface of 

the histone. (Adapted from Lawrence et al, 2016) 

1.5.1 Histone Methylation 

Histone methylation has been commonly reported at the side chains of lysine and arginine 

residues. They provide a diverse myriad of complexity since lysine residues may be mono-, 

di- or tri-methylated, whereas arginine residues are either mono-methylated or symmetrically 

or asymmetrically di-methylated.  

SUV39H1 was the first histone lysine methyltransferase (HKMT) to be identified which was 

found to target H3K9 (Rea et al, 2000). Since then, several HKMTs have been reported, most 

of which are involved in lysine methylation within the histone N-terminal tails. Interestingly, 

all these HKMTs share a SET domain which is responsible for the enzyme function. One 

exception to this general occurrence is the Dot1 enzyme in budding yeast (along with its 

human homolog, Dot1L) that methylates H3K79 within the histone globular core. Dot1 and 

its homologs share a catalytic methylase fold resembling that of class I methylases but do not 
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contain a SET domain. The different HKMTs utilize S-adenosylmethionine (SAM) as a co-

factor to mediate the transfer of a methyl group from SAM onto a lysine’s ε-amino group. In 

general, the HKMTs tend to be specific towards their target residues. Furthermore, HKMT 

enzymes also regulate the degree of methylation onto its substrate (i.e., mono-, di- or tri-

methyl state).  based on their specificity. For instance, the histone KMT5 family in humans 

comprises of the PR-Set7 and SUV4-20H1/2, which catalyses H4K20 mono methylation and 

di-/trimethylation, respectively but not the other way around (Jørgensen et al, 2013). Elegant 

structures obtained from X-ray crystallographic studies reveal the presence of key residues 

within the catalytic domain of the HKMT enzymes that determines the extent of methylation 

onto the target residue.  

In case of arginine methylation, arginine methyltransferase enzymes are classified into 2 

types - type-I (which generate Rme1 and Rme2as) and type-II (which generate Rme1 and 

Rme2s) enzymes. Together, the two classes of enzymes are collectively known as protein 

arginine methyltransferases (PRMTs). PRMTs mediate transfer of methyl group from SAM 

to the ω-guanidino group of target arginine residues. PRMT1, 4, 5 and 6 are involved in 

histone arginine methylations. Histone arginine methylation is considered a high-profile 

epigenetic mark since it is directly associated with chromatin structure remodelling and 

regulation of gene transcription (Di Lorenzo & Bedford, 2011). Several sites of arginine 

methylation have been identified over the years of which, the most well-studied ones are 

H3R2, H3R17, and H4R3 which are all located on the N-terminal tails of histones H3 and 

H4.  

Histone methylation is a reversible process and involves the participation of demethylases for 

the removal of methylation marks when needed. Lysine-specific demethylase 1 was the first 

lysine demethylase to be reported which used FAD as co-factor (Shi et al, 2004). LSD1 is 

active towards mono- and dimethylated lysine substrates. However, LSD1 catalyses 

demethylation of nucleosomal histones only when it is in complex with the Co-REST 

repressor complex. Another group of lysine demethylases was found to demethylate tri-

methylated lysine residues, using Fe (II) and α-ketoglutarate as co-factors. JMJD2 was the 

first enzyme to be identified from this group which was found to target H3K9me3 and 

H3K36me3 (Whetstine et al, 2006). The catalytic domain responsible for demethylase 

activity of JMJD2 was the JmjC jumonji domain which is shared by many other lysine 

demethylases. Similar to methyltransferases, the demethylases are also very specific towards 



Chapter 1: Review of Literature 
 
 
 

22 
 

their target lysine and sensitive to the degree of methylation involved (Mosammaparast & 

Shi, 2010). While H3K9me3, H3K27me3 and H3R2me have been associated with gene 

repression, H3K4me1/2/3, H3K36me1/2/3, H3K79me1/2/3 alongside H3K9me1, 

H3K27me1, H4K20me1 have been generally linked to active transcription (Zhao & 

Shilatifard, 2019). 

1.5.2 Histone Acetylation 

Histone acetylation was first reported in 1964 by Allfrey et al. Since then, several enzymes 

involved in mediating this modification mark have been identified. Acetylation in histones 

occurs on the lysine residues and is highly dynamic in nature. They are generally associated 

with increasing the propensity for gene transcription and are regulated by the mutually 

antagonistic action of histone acetyltransferases (HATs) and histone deacetylases (HDACs). 

The HAT enzymes mediate the transfer of an acetyl group to the ε-amino group of lysine side 

chains using acetyl CoA as cofactor. Acetylation of the lysine counters the lysine’s positive 

charge and this leads to weakening of the DNA-histone interactions and helps maintain 

chromatin in an open state poised for transcriptional elongation. HATs are classified into two 

major classes: type-A and type-B. The type-B HATs are highly conserved and involved in 

acetylation of free histones but not nucleosomal histones and thus are predominantly 

cytoplasmic. They are implicated in acetylation of newly synthesized histone H4 at K5 and 

K12, thus forming an acetylation pattern which is required for their subsequent deposition 

onto the DNA, after which the marks are removed (Parthun, 2007). On the other hand, the 

type-A HATs are more diverse and are classified into three separate groups - GNAT, MYST 

and CBP/p300 families, depending on the conformational structure and sequence homology 

of amino acids (Hodawadekar & Marmorstein, 2007). They mediate modification at multiple 

sites within the histone N-terminal tails, and also within the globular histone core, such as 

H3K56 (Yang & Seto, 2007; Tjeertes et al, 2009). The type-A HATs have been reported to 

be a part of large multiprotein complexes wherein the associated component proteins of these 

complexes are crucial in recruitment, substrate specificity and function. For example, 

scGCN5 as part of the SAGA complex efficiently acetylates nucleosomal histones but 

individually can acetylate only free histones (Grant et al, 1997).  

HDACs have enzyme activity that reverses that of HATs and removes acetyl groups from 

already acetylated lysine residues.  This helps in the compaction of chromatin and thus 
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HDACs are associated predominantly with transcriptional repression. They are classified into 

four classes - classes I and II are members which are closely related to yeast scRpd3 and 

scHda1, respectively, class IV consists of a single member HDAC11, and class III members 

(also called sirtuins) are homologs of yeast scSir2. Class III HDACs use NAD+ as co-factor 

as compared to other classes (Yang & Seto, 2007). HDACs have been reported to have 

relatively low substrate specificity by themselves. The mechanism of HDAC recruitment and 

specificity is complex as often, HDACs are typically part of distinct complexes which also 

harbour other HDAC family members. For instance, HDAC1 is part of the NuRD, Sin3a and 

Co-REST complexes which also have HDAC2 as a constituent member (Yang & Seto, 2008).  

1.5.3 Histone Phosphorylation 

Similar to histone acetylation, phosphorylation of histones is dynamic and occurs on serine, 

threonine and tyrosine residues present mostly in the N-terminal histone tails. The levels of 

the histone phosphorylation are tightly regulated by kinases and phosphatases that are 

involved in adding or removing the modification respectively (Oki et al, 2007). The histone 

kinases that have been identified so far are generally concerned with transferring a phosphate 

group onto the hydroxyl group of the target amino-acid side chain from hydrolysis of ATP. 

This phenomenon adds significant negative charge to the histone that contributes towards 

alteration of the chromatin structure. However, it is yet unclear in most cases how the kinases 

are recruited accurately to their active site on chromatin. In case of mammalian MAPK1 

kinase, recruitment occurs through its DNA-binding domain which tethers itself to the DNA, 

like the DNA-binding transcription factors (Hu et al, 2009). In some cases, recruitment of 

kinases might also involve prior presence of chromatin-bound factors before they interact 

with DNA. Phosphorylated histones have been implicated in regulation of chromatin 

compaction associated with cell cycle, transcriptional activity and DNA damage repair. 

Histone phosphorylation has been also reported to work in conjunction with other histone 

modifications, thereby establishing cross-talk between them. For example, histone H3 

phosphorylation at Serine 10 ( H3S10ph) can directly affect acetylation levels at H3K9ac and 

H3K14ac of the same histone. Additionally, it can also interact with H4K16ac which results 

in transcriptional activation (Alaskhar Alhamwe et al, 2018). Although, majority of histone 

phosphorylation occurs within the N-terminus of histones, in some cases the globular 

domains may also be targeted. Phosphorylation of H3Y41, mediated by non-receptor tyrosine 

kinase JAK2 is such an example (Dawson et al, 2009). Due to the high phosphatase activity 
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within the nucleus, the action of the phosphatases like PP1 are crucial in regulating the 

phosphorylation status of the chromatin. PP1 counters the action of Aurora B kinase and 

reduces genome-wide H3S10ph and H3S28ph levels during mitosis (Sugiyama et al, 2002; 

Goto et al, 2002). 

1.5.4 ADP Ribosylation 

Histones are targeted by ADP-ribosyltransferases to undergo mono- and poly-ADP 

ribosylation on glutamate and arginine residues, however not much is known concerning the 

downstream significance of this modification. Poly-ADP ribosylation process is reversible 

and is regulated by the mutually counteracting action of  poly-ADP ribose polymerase 

(PARP) family of enzymes, which adds the modification, and poly-ADP-ribose-

glycohydrolases, which reverses them. Poly-ADP ribosylated histones have been associated 

with relatively relaxed chromatin state (Hassa et al, 2006). Activation of PARP-1 results in 

increased levels of core histone acetylation (Cohen-Armon et al, 2007). Moreover, PARP-1-

mediated ribosylation of KDM5B inhibits H3K4me3 demethylation and blocks its chromatin 

association (Krishnakumar & Kraus, 2010). Histone mono-ADP-ribosylation has been 

detected on the linker histone H1 as well as core histones. This is mediated by mono-ADP-

ribosyltransferases and has been found to increase during DNA damage response.  

1.5.5 Histone Ubiquitination 

Among all the different histone modifications, histone ubiquitination stands out due to its size 

and complexity. This modification pathway involves the addition of ubiquitin, which itself is 

a 76-amino acid polypeptide, to histone lysine residues via the stepwise action of three 

different enzymes, E1- activating, E2-conjugating and E3-ligase enzymes (Hershko & 

Ciechanover, 1998). Substrate specificity (depending on the target lysine residue) and the 

extent of ubiquitination (mono- or poly-ubiquitinated) are determined by the mediating 

enzyme complexes. In case of histones, mono-ubiquitination has been mostly reported within 

H2A and H2B. Monoubiquitination of H2A at lysine 119 (H2AK119Ub) has been commonly 

implicated in gene silencing (Wang et al, 2004), whereas monoubiquitination of H2B at 

lysine 120 (H2BK120Ub) is associated with transcriptional initiation and elongation and 

memory. (Lee et al, 2007; Kim et al, 2009). The histone ubiquitination events and the 

corresponding enzymes involved in mediating those events have been summarized in table 

1.1. 
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Although H2A was identified as a target for ubiquitination in higher eukaryotes, 

ubiquitinated H2A was not detected in Saccharomyces cerevisiae. Instead, ubiquitinated H2A 

protein was originally classified as a unique chromosome associated protein called A24. 

Ubiquitinated H2B was also detected around the same time in mouse cells. Thankfully, it was 

soon evident that only a single ubiquitin moiety was being attached to both H2A at Lys-119 

(H2AK119Ub) and H2B at Lys-120 (H2BK120Ub) in mammals. In yeast, the residue 

targeted for ubiquitination in H2B corresponds to Lys-123 in S. cerevisiae (H2BK123Ub). 

Unlike polyubiquitination, monoubiquitination is associated with signalling and is therefore 

reversible. Attached ubiquitin can be removed from target substrates by enzymes called 

deubiquitinases (DUBs). Among the seven different sub-groups of DUBs, the ones most 

associated with histone ubiquitination are called ubiquitin-specific proteases (UBPs in yeast; 

USPs in mammals). The interplay between ubiquitination and deubiquitination is highly 

dynamic and tightly regulated to mediate various cellular functions.  Dysregulation of this 

balance has been implicated in various diseases, including neurodegenerative diseases and 

cancer (Weake & Workman, 2004). Apart from transcriptional regulation, histone 

ubiquitination over the years has been linked to DNA damage response (DDR), DNA 

replication and maintenance of histone dynamics. 

Table 1.1 Summary of histone ubiquitination events and the enzymes involved  

 

Target 

histone 

residue 

 

Type of Ub 

 

E3 

 

DUB 

 

Process 

 

References 

H2A K13/15 monoUb RNF168/169 
USP51,USP44, 

USP11, USP3 

DDR, DNA 

replication 

Gatti et al, 2012 

Wang et al, 2016 

H2A K119 monoUb 

Ring1A/B 

(Polycomb 

repressive 

complex 1) 

BAP1, USP16 
Transcriptional 

regulation 

Wang et al, 2004 

Uckelmann et al, 2017 

Tamburri et al, 2020 

Daou et al, 2015 

 

H2A 

K125/127/129 
monoUb BRCA1/BARD1 USP48 DDR 

Kalb et al, 2014 

Densham et al, 2016 

Saredi et al, 2016 
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H2B K120 

(K123 in 

yeast) 

monoUb 
RNF20/40 (Bre1 

in yeast) 

USP22 (SAGA 

complex) 

(Ubp8 in 

yeast), USP51 

Transcriptional 

regulation,  

DNA 

replication, 

DDR 

Nakamura et al, 2011 

Zheng et al, 2018 

Chernikova et al, 2012 

Northam et al, 2016 

Atanassov et al, 2016 

Ai et al, 2019  

H3 K14/18/23 
multi-

monoUb 
UHRF1  

Maintenance of 

DNA 

methylation 

during DNA 

replication 

Qin et al, 2015 

Li et al, 2018 

H3 K14 monoUb 
Cul4 (CRLC) in 

budding yeast 
 

Heterochromatin 

regulation 
Oya et al, 2019 

H3 K23/36/37 monoUb NEDD4  
Transcriptional 

regulation 
Zhang et al, 2017 

H3 

121/122/125 

Not 

specified 

Rtt101Mms1 in 

yeast and 

Cul4ADDB1 in 

human 

 

Histone 

dynamics during 

DNA replication 

 Han et al, 2013 

H4 K91 
Not 

specified 

BBAP (also 

known as 

Dtx3L) 

 DDR Yan et al, 2009 

 

1.5.5.1 H2A Ubiquitination 

Ubiquitinated histones were originally detected through 2-dimensional gel electrophoresis 

and H2A was the first histone reported to be ubiquitinated among the core histones. 

Approximately 5–15% of total histone H2A present in the cell has been found ubiquitinated. 

However, during the initial years, the E3 ligase enzyme responsible for H2A K119 

ubiquitination was not known. In 2003, Yi Zhang and his co-workers successfully 

fractionated HeLa nuclear proteins and identified Polycomb repressive complex 1(PRC1)-

like as the ubiquitination module for H2A K119 in humans (Wang et al, 2004).  

Of the constituent subunits of the canonical PRC1 complex, only Ring1B is capable of 

ubiquitinating H2A in vitro, indicating that Ring1B is the E3 ligase responsible for 

monoubiquitination at H2AK119. From the PRC1-nucleosome core particle complex 

structure, it is evident that the Ring1B-Bmi1 ubiquitinating module binds E2 UbcH5c and 
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makes contact with H2AK119 within the NCP in two distinct modes – proximal and distal, 

with key differences in the UbcH5c-nucleosome interface (McGinty et al, 2014) (Fig. 1.5.3). 

 

Fig. 1.5.3 Structural insights into the PRC1-nucleosome core particle complex.  Left and 

right denote the upright and orthogonal views of the complex respectively. The 

orthogonal view allows a differential view of proximal and distal halves of the complex 

structure. (Adapted from McGinty et al, 2014; PDB ID 4R8P) 

This has been further confirmed in vivo where upon Ring1B knockdown, H2AK119Ub levels 

get significantly reduced in Drosophila (Wang et al, 2004). Among the other constituents, 

Ring1A and Bmi1 stimulate the E3 ligase activity of Ring1B. Apart from the PRC1 module, 

2A-HUB has been identified as another E3 ligase which targets H2AK119. Similar to 

Ring1B, 2A-HUB also harbours a RING finger and has been shown to ubiquitinate 

H2AK119 in vitro. In HEK293T cells, overexpression of 2A-HUB results in elevated H2Aub 

levels (Zhou et al, 2008). However, it is not clear how Ring1B and 2A-HUB together mediate 

H2AK119 monoubiquitination.  

Apart from K119, K13 and K15 of the H2A N terminal tail along with K125, K127 and K129  

of H2A C-terminus can also be ubiquitinated. K13 and K15 are located fairly distant from 

H2AK119 and not ubiquitinated by the E3 modules targeting K119. Instead, RNF168 (RING 

finger protein 168) has been identified as the E3 ligase responsible for H2A ubiquitination at 

K13 and 15 in response to DSBs (Gatti et al, 2012; Mattiroli et al, 2012). Efforts to co-

crystallize E3 ligase RNF168 in complex with its ligand H2AK13/15 have not been 
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successful over the years. However, amide-backbone based NMR spectroscopy has been used 

to map the interacting surface between the RNF168RING domain and the H2A-H2B histone 

dimers (Fig.1.5.4). NMR data, along with crosslinking mass-spectrometry, subsequent 

mutagenesis and data-driven modelling suggest that RNF168 binds to the nucleosomal acidic 

patch and directs E2 to the target lysine (Horn et al, 2019).  Similar structural studies 

involving NMR spectroscopy show that RNF169 connects histone and ubiquitin surfaces and 

stabilizes the ubiquitin positioning upon the H2AK15 ubiquitinated nucleosome containing 

H4K20me2 (NCP-ubme) to form a high-affinity complex. The affinity of RNF169 towards 

NCP-ubme is much higher than the binding affinity of 53BP1 and thereby results in the 

displacement of 53BP1 from NCP-ubme (Hu et al, 2017).  

 

Fig. 1.5.4 Structure of RNF168 RING in complex with nucleosome.   

(A) Cartoon representation of the RNF168 RING – nucleosome complex highlighting 

the 180° rotated position of UbcH5c in contact with RNF168. (B) Superposed scoring 

solutions of cluster 1 of RNF168 RING contacting the nucleosome as calculated using 

HADDOCK. (Adapted from Horn et al, 2019; PDB IDs 4GB0, 2PYO, 1X23 were used 

for docking). 

Monoubiquitination of H2A is regulated by enzymes which are generally part of large 

macromolecular complexes and are involved in multiple epigenetic crosstalks within the 

nucleosome. Both Ring1B and 2A-HUB, the E3 ligase enzymes catalysing H2AK119Ub are 

linked to gene repression, with Ring1B being shown to associate with repressive complexes 

such as PRC1 (Weake & Workman, 2008), whereas 2A-HUB interacts with the histone 
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deacetylase complex N-CoR/HDAC1/3 (Zhou et al, 2008). Cumulatively, these data suggest 

that H2AK119Ub functions as a repressive mark. Moreover, extensive studies show that 

H2AK119Ub contributes towards Polycomb silencing (Wang et al, 2004) and X chromosome 

inactivation (Fang et al, 2004). H2AK119Ub also inhibits RNA Pol II elongation by 

preventing histone chaperone FACT (facilitate chromatin transcription) to be recruited to the 

promoters of the repressed genes (Zhou et al, 2008). 

H1 binding to human nucleosomes is affected by H2AK119 deubiquitination. Thus, by 

assisting H1 binding,  H2A ubiquitination may be involved in maintenance of higher-order 

chromatin compaction. H2AK119Ub links up with H3K27 trimethylation (H3K27Me3) by 

acting as a binding scaffold to facilitate the recruitment of Polycomb repressive complex 2 

(PRC2), which is responsible for H3K27Me3. (Kalb et al, 2014; Barski et al, 2007). 

 

Fig. 1.5.5 Structure of NCP-ubme–GST–53BP1 complex. (A) 3D cryo-EM map of the 

obtained NCP-ubme–GST–53BP1 complex, where different constituents have been 

coloured differently. (B) Working model of the NCP-ubme–GST–53BP1 complex. 

(Adapted from Wilson et al, 2016; PDB ID 5KGF) 

Based on recent studies, H2AK13/15Ub is considered to be associated with the DNA damage 

repair pathway (DDR), which is activated in response to double-stranded breaks (DSBs). 

DSBs trigger release of a whole lot of chromatin modifiers nearby to the damaged site and 

cause subsequent recruitment of several mediating factors which further activate cell cycle 

checkpoints and initiate repair pathway. H2AK13/15Ub enables the recruitment of 53BP1 
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(also known as TP53BP1) which binds specifically to nucleosomes containing H2AK15Ub 

via the ubiquitination-dependent recruitment motif (UDR). This binding is facilitated by the 

simultaneous binding of 53BP1 tandem Tudor domain (TTD) to histone H4 lysine 20 

dimethylation (H4K20me2). The cryo-EM structure of 53BP1 with NCP-ubme reveals that 

53BP1 makes intimate contacts with the multiple nucleosomal elements including the acidic 

patch for H4K20me2 and H2AK15ub binding. UDR motif of 53BP1 was found to be 

sandwiched between ubiquitin and the NCP surface (Fig.1.5.5). The structure helps to 

uncover the mechanism of 53BP1 recruitment to DSB sites and demonstrates how multiple 

epigenetic marks work in combination to provide specific chromatin responses in case of 

DSBs (Wilson et al, 2016). 

 

Fig. 1.5.6 BRCA1-UbcH5c/BARD1/nucleosome complex. (A) Cryo-EM density of the 

BRCA1-UbcH5c/BARD1/NCP complex with semi-transparent surface fitted along with 

atomic model. (B) Atomic model of BRCA1-UbcH5c/BARD1 ubiquitinating module 

targeting the nucleosome. (Adapted from Witus et al, 2021; PDB ID 7JZV) 

 

The H2A also contains lysine residues in 125,127 and 129th positions of the disordered C-

terminal tail which are targeted by BRCA1-BARD1 for ubiquitination. They operate in close 
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proximity with Ring1b/Bmi1 which targets H2A K118/119 but don’t interfere with each 

other’s targets. 

The structure of BRCA1/BARD1 RING heterodimer in complex with its E2 conjugate 

UbcH5c and substrate nucleosome reveals how the complex selectively targets lysines 

125/127/129 in the histone H2A C-terminal tail in humans (Fig.1.5.6). In the structure, a 

novel BARD1-histone interface combines with the UbcH5c being repositioned which is 

distinct compared to the ubiquitin transfer mechanism of PRC1 E3 ligase that targets H2A 

Lys119 in nucleosomes. NMR study shows that this distinct mode of E3-mediated substrate 

regulation is enabled due to the dynamicity in the H2A C-terminal tail. These findings also 

collectively demonstrate how different E3 ligase complexes preferentially target distinct 

lysine residues located in proximity to each other by distancing themselves according to the 

steric landscape of the nucleosome (Witus et al, 2021).   

1.5.5.2 H2B Ubiquitination 

H2B ubiquitination was first reported by Bonner group in 1980 wherein they found that 1–

1.5% of total H2B in mouse cells are ubiquitinated (West & Bonner, 1980). Next, in budding 

yeast, the E2 conjugating enzyme for H2B ubiquitination was identified to be Rad6 which 

targeted lysine residue 123 (K123) (Robzyk et al, 2000). Subsequently, two different groups 

independently identified Bre1 as the E3 ligase involved in H2B monoubiquitination in S. 

cerevisiae (Wood et al, 2003; Hwang et al, 2003). Later, Danny Reinberg’s lab discovered 

the human homologues to yeast Bre1 - RNF20 and RNF40, which are the E3 ligases 

responsible for ubiquitinating H2B at K120, a site analogous to yeast H2BK123. (Zhu et al, 

2005). They also showed that RNF20/40 along with E2 conjugating UbcH6 can successfully 

ubiquitinate nucleosomal H2B in vitro. With time, apart from H2BK120, several other lysine 

residues such as K34, K46 and K108 in H2B have also been found to be ubiquitinated in 

adult mouse brain (Tweedie-Cullen et al, 2009). Several lysine residues on yeast H2B have 

also been identified which are ubiquitinated in a manner that is independent of Rad6 and 

Bre1 (Geng & Tansey, 2008).  

Ubiquitin is an 8.5 kDa sized protein which when attached to nucleosomal H2B significantly 

increases the molecular weight of an H2BUb (~22 kDa) as well as the surface area of the 

ubiquitinated nucleosome. The H2BK120 site which is targeted for ubiquitination is located 

on the C-terminal α-helix tail and remains exposed on the face of the nucleosome. To test if 
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the bulky ubiquitin moiety disrupted oligo-nucleosome compaction by hindering inter-

nucleosomal interactions, Tom Muir’s lab developed a disulfide-linkage method to attach 

ubiquitin onto a specific target site on H2B and then was able to reconstitute mono and oligo-

nucleosomes containing uniformly ubiquitinated H2B species (Chatterjee et al, 2010; Fierz et 

al, 2011). Ubiquitinated H2B was found to reduce higher-order chromatin compaction but did 

not show a significant impact on nucleosome stability in vitro (Fierz et al, 2011). However, 

both H2B copies in the in-vitro system prepared using the disulfide-linkage method were 

ubiquitinated which was unlike in vivo. Interestingly, ubiquitinated H2B was found to 

stabilize nucleosomes and promote reassembly of nucleosomes following transcription 

elongation (Chandrasekharan et al, 2009). These results cumulatively suggest that H2B 

monoubiquitination at K120 has a complex role in the regulation of chromatin structure. On 

one hand it interrupts inter-nucleosomal interactions, and prevents higher-order chromatin 

compaction, but at the same time, it facilitates intra-nucleosomal interactions within the cell, 

with other chromatin-associated factors such as the histone chaperone FACT (Fleming et al, 

2008). 

 

Fig. 1.5.7 Structural insights into the trans-histone crosstalk between H2BK120 

monoubiquitination and Dot1L mediated H3K79 trimethylation. (A) Cartoon 

representation of the mechanism of stimulation of histone H3K79 methylation by 

H2BK120 ubiquitination. (B, C) Cryo-EM reconstruction map of the Dot1L–

ubiquitinated NCP 2-to-1 active state and poised state complex respectively. (D) Atomic 
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model of the active state complex between Dot1L and the ubiquitinated nucleosome. 

(Adapted from Worden et al, 2019; PDB IDs 6NQA, 6NOG, 6NJ9) 

H2B monoubiquitination has been reported to promote di- and trimethylation of H3K4 and 

H3K79 (Schneider et al, 2005; Shahbazian et al, 2005; Sun & Allis, 2002). The H2BUb-H3 

methylation epigenetic crosstalk remains conserved from budding yeast to humans. H3K79 

di- and trimethylation in humans is mediated through the action of Dot1L methyltransferase 

enzyme. From the cryo-EM structure of Dot1L bound to ubiquitinated nucleosomes, it is now 

known how H2BUb stimulates Dot1L methyltransferase activity and writer function upon H3 

trimethylated at K79 (Fig. 1.5.7). It also reveals how the histone H4 tail plays a crucial role in 

positioning Dot1L upon the ubiquitinated nucleosome and induces a conformational change 

in the H3 globular core domain which rearranges itself to make the K79 site accessible for 

catalysis (Worden et al, 2019). Further structural studies from independent labs have reported 

that Dot1L binds to ubiquitinated H2B through the hydrophobic helix located at its C-

terminal end.  Dot1L also recognises the nucleosome acidic patch using an arginine anchor 

(Anderson et al, 2019; Valencia-Sánchez et al, 2019; Jang et al, 2019). 

 

Fig. 1.5.8 Structural basis of the crosstalk between H2BK120 monoubiquitination and 

COMPASS mediated H3K4 trimethylation. (A) Cartoon representation of the 

mechanism of activation of COMPASS by H2BK120 ubiquitination. (B) Unsharpened 

cryo-EM density map of the COMPASS-ubiquitinated nucleosome complex. (C) The 

model of the complex view as aligned in the previous panel (top) and from the dyad axis 
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(bottom). (Adapted from Hsu et al, 2019; Worden et al, 2020; PDB IDs 6NQA, 6NOG, 

6NJ9) 

H3K4 trimethylation in yeast is mediated by Set1 which is responsible for the 

methyltransferase activity of COMPASS. From the cryo-EM structure of  COMPASS bound 

to a ubiquitinated nucleosome, it is evident that COMPASS utilizes the whole face of the 

ubiquitinated nucleosome, binding ubiquitin on one side and subsequently methylating H3 on 

the alternate side. The ubiquitin-COMPASS interaction enables Set1 to reorient itself to 

stabilize the interactions with both ubiquitin and nucleosome (Fig. 1.5.8). The critical Set1 

arginine-rich motif, which is autoinhibitory when unoccupied, gets packed into the acidic 

patch, thereby countering the inhibitory effect and activating enzymatic assembly (Hsu et al, 

2019; Worden et al, 2020). 

H2B K120 ubiquitination, along with H3K4 and K79 trimethylation has been long associated 

with transcriptional elongation. Upon deletion of the H2B deubiquitinase enzymes Ubp8 and 

Ubp10, H2BUb was found localised in genomic sites with enriched trimethylated H3 K4me3 

and H3K79me3 respectively, indicating that Ubp8 and Ubp10 probably target different pools 

of nucleosomal H2Bub (Schulze et al, 2011). H2B K120 ubiquitination has also been 

implicated in DNA damage-induced cell cycle arrest and double-stranded break (DSB) repair 

pathways. Rad6, which is the E2-conjugating enzyme for H2BK123 in yeast, is associated 

with several DNA damage signalling pathways. Upon drastic reduction of H2BK123, 

phosphorylation of yeast Rad9 (a homolog of human 53BP1) is disrupted thereby 

compromising the DNA damage checkpoint response. DNA damage response in yeast was 

also found compromised when Dot1 was absent, indicating that crosstalk between H2BUb 

and H3K79me3 was essential for the cell cycle checkpoint signalling (Giannattasio et al, 

2005). Similar to RAD51 in yeast, human RNF20-dependent ubiquitination of H2B is also 

required for homologous recombination (HR) and H2BUb was found to be involved in 

recruitment of BRCA1 and RAD51 to the damage sites (Nakamura et al, 2011).  RNF20 and 

RNF40 both are targeted for phosphorylation by ATM at DSB sites. Moreover, H2BUb also 

promotes non-homologous end joining (NHEJ) repair factors to be associated with DSBs. 

These results collectively indicate that H2B monoubiquitinating enzymes, along with the 

epigenetic mark itself plays a very important role in regulating both DSB repair pathways 

(Moyal et al, 2011). During transcription, the Rad6-Bre1 complex in yeast is associated with 

RNA polymerase II (RNA Pol II) elongation along with H2B ubiquitination. In budding 
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yeast, H2BUb is found enriched within the coding regions of actively RNA Pol II-transcribed 

genes (Schulze et al, 2011). Moreover, in an in vitro study using reconstituted enzymes, 

mammalian histone chaperone FACT was found to be involved in the recruitment of the 

transcription elongation complex PAF, which further enabled the association of E3 ligase 

enzymes to ubiquitinate H2B. FACT chaperone activity is stimulated by ubiquitinated H2B 

which results in H2A/H2B dimer displacement, thereby allowing RNA Pol II to proceed 

along with nucleosomal DNA (Pavri et al, 2006). The RNA Pol II stalling is caused due to 

DNA lesions along the nascently transcribed DNA strand, which is countered by the 

transcription-coupled repair (TCR) pathway. UV-induced RNA Pol II stalling is triggered by 

the reduction in H2BK120Ub level and is regulated by H2B-specific deubiquitinase enzymes 

Ubp8 and Ubp10. In absence of both Ubp8 and Ubp10, TCR gets suppressed. This was 

further confirmed by the reduced TCR obtained in a ubp8Δubp10Δ mutant which coincided 

with an increase in nucleosome occupancy, suggesting that H2BUb has to be removed for 

nucleosome destabilization near the stalled RNA Pol II for the TCR to occur smoothly (Mao 

et al, 2014).   

 

Fig. 1.5.9 Overview of the SAGA DUB module containing the Ubp8 subunit bound to 

the monoubiquitinated nucleosome. (A) Model showing re-orientation of SAGA DUB 

module upon nucleosome binding. (Adapted from Wang et al, 2020). (B) Crystal 
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structure showing NCP-Ub being sandwiched within two DUB modules through the 

catalytic Ubp8 and Sgf11 subunits of the SAGA (top) and its perpendicular view 

showing the nucleosomal dyad axis (bottom). (Adapted from Morgan et al, 2016) 

Of the two deubiquitinase enzymes mentioned previously which were involved in H2B 

deubiquitination, Ubp8 is part of the Spt-Ada-Gcn5 acetyltransferase (SAGA) coactivator 

complex which catalyses its deubiquitinase function via the SAGA DUB module.  The 

SAGA DUB module in yeast contains Sgf11, Sus1, and Sgf73 apart from the catalytic 

subunit Ubp8 (Henry et al, 2003). The DUB module is connected to rest of the SAGA 

complex by the C-terminal extension of Sgf73 and the basic features of the catalytic module 

remain conserved from yeast to humans. From the crystal structure of the DUB – nucleosome 

complex, two DUB hetero-tetramers were found contacting the nucleosome core particle 

(NCP) from both faces. The NCP in the complex harboured two copies of ubiquitinated H2B 

at K120 (Fig. 1.5.9). The structure further reveals that the DUB module primarily interacts 

with the acidic patch of H2A/H2B through the arginine cluster on the Sgf11 zinc finger 

domain. Moreover, the Ubp8 catalytic domain also interacts with both ubiquitin and other 

parts of H2B to ensure re-orientation of the DUB module for efficient DUB activity (Morgan 

et al, 2016; Wang et al, 2020). 

 

1.6 Ubiquitin Pathway  

PTMs generally involve reversible covalent attachment of molecules such as phosphate, 

methyl or acetyl groups to protein substrates. As previously mentioned, protein ubiquitination 

is a far more dynamic and complex modification than most other PTMs as it involves 

covalent attachment of a small protein - ubiquitin (Ub), or in some other cases -SUMO 

(Small ubiquitin-related modifier) in the case of SUMOylation, or Nedd8 – in case of 

Neddylation.  

Ubiquitin (Ub) is a stable 76 amino acid protein found conserved from yeast to humans.  

Structurally, it has a compact β-grasp fold and a flexible six-residue C-terminal tail that ends 

with two glycine residues (Vijay-Kumar et al, 1987). Attachment of ubiquitin to target 

proteins is referred to as ubiquitination and involves formation of an isopeptide bond, 

between the ε-amino group of a substrate lysine residue and the carboxy-terminus of Ub 
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(G76) (Hershko et al, 1983). Ubiquitin has remained mostly conserved across all eukaryotes. 

However, yeast and human ubiquitin sequences differ by three amino acids. Primary 

sequence of ubiquitin contains seven lysine residues which act as secondary Ub accepting 

sites during the formation of polyubiquitin chains.  

The ubiquitin pathway which operates as part of the Ubiquitin Proteosome pathway (UPP) 

has been previously associated with protein degradation. Polyubiquitination of proteins that 

are targeted for degradation occurs through a cascade of ATP-dependent enzymatic steps 

which are then recognized by the 26S proteasome and processed for degradation. However,  

degradation – independent roles of ubiquitin transfer, especially in monoubiquitination and 

multi-monoubiquitination of substrates have been since reported and studied. The Nobel prize 

in chemistry, 2004 was given to Aaron Ciechanover, Avram Hershko and Irwin Rose for their 

discovery of the ubiquitin-mediated proteolysis.  

 

Fig. 1.6.1 Crystal structure of ubiquitin. (PDB ID: 1UBQ) (left) Figure highlighting all 

the seven lysine residues (middle) which are involved in ubiquitin chain formation. 

(Adapted from Vijay-Kumar et al, 1987) 

 

1.6.1 Types of Ubiquitination 

Protein substrates that are targeted for ubiquitination can be modified by attachment of a 

single Ub molecule (monoubiquitination), or multiple single Ub molecules, each attached to a 

different lysine residue on the substrate (multi-monoubiquitination) or by Ub chains attached 

to any one of the lysine residues (polyubiquitination). The diversity and extent of this 

modification often dictate its functional cue (Fig. 1.6.2). Monoubiquitination is often 

associated with transcriptional regulation and protein trafficking unlike polyubiquitination 

which leads to proteolytic downstream events. Most well studied homotypic polyubiquitin 
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chain formations are possibly Lys48-linked and Lys63-linked Ub-chains. Lys48-linked 

polyubiquitination is the most prevalent form of ubiquitination and amounts to about half of 

all Ub chains found in cells (Kwon & Ciechanover, 2017). Lys48-linked chains target a large 

number of cellular proteins to the 26S proteasome for degradation. These chain formations 

are dictated by various E3s and the specificity is determined by their E2 conjugate enzymes. 

Lys63-linked chains, apart from autophagic degradation are also implicated in DNA repair 

(Hoege et al, 2002; Watanabe et al, 2004) and activation of protein kinases (Yang et al, 

2010).  

 

Fig. 1.6.2 Types of ubiquitination events (mono, multi-mono and poly-ub) and their 

physiological function. (Adapted from Kwon & Ciechanover, 2017) 

1.6.2 Types of Enzymes Involved in Ubiquitin pathway 

The initial step ubiquitin enzyme cascade is the activation of Ub at its C-terminus by the Ub-

activating enzyme E1. Following activation, the ubiquitin that is bound to E1 via the thioester 

linkage is transferred to a sulfhydryl group of Ub conjugate proteins or E2s which contain the 

cysteine that forms a thioester linkage with the activated Ub. The large number of E2s 

contributes towards the specificity of the ubiquitination system because different E2s 

conjugate with one or more E3 ligases, which mediate the final step of ubiquitin transfer onto 

the highly specific protein substrates (Komander & Rape, 2012). Apart from proteasomal 

degradation, the removal of ubiquitin from the substrate involves the action of 

deubiquitinases (Fig. 1.6.3). 
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Fig. 1.6.3 Schematic representation of ubiquitin pathway. (Adapted from Kliza & 

Husnzak, 2020) 

 

1.6.2.1 Ubiquitin Activating Enzyme (E1) 

Activation of ubiquitin is the first step in the ubiquitin cascade wherein ubiquitin is loaded 

onto an enzyme called ubiquitin-activating enzyme (E1) (Ciechanover et al, 1981). This 

protein remains highly conserved from yeast to humans (Handley et al, 1991; McGrath et al, 

1991), indicating its essential role in ubiquitin pathway. E1 is a single polypeptide of ~120 

kDa in eukaryotes and Ube1 (also called Uba1) is the principal E1 enzyme in eukaryotes. 

Eukaryotic Ube1 has multiple domains which include an active adenylation domain (AAD), 

the catalytic cysteine residue containing domain, a four-helix bundle which is an insertion in 

the inactive adenylation domain and a C-terminal Ub-fold domain (UFD) (Fig. 1.6.3). The 

AAD is involved in ATP/Ub binding and Ub activation while UFD participates in the 

recruitment of E2 (Huang et al, 2007; Lois & Lima, 2005).  
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Fig. 1.6.4 Structural insights into Ube1-Ub complex. (A) Cartoon representation of the 

Uba1/Ub/ATP-Mg complex, with Ube1 domains labelled. AAD and IAD denote active 

and inactive adenylation domains respectively. (B)  Cartoon representation of the Uba1-

Ubc4/Ub/ATP-Mg complex. (C) On the left, chemical intermediate of Ub/Ubl during 

E1-E2 thioester transfer and on the right, E1-E2 disulfide-linked complex. (Adapted 

from Olsen & Lima, 2013) 

During ubiquitin activation, AAD of the Ube1 binds Ub, ATP, and Mg2+ while the other 

adenylation domain stabilizes the complex (Lee & Schindelin, 2008). The adenylation of the 

Ub C-terminus is accompanied by the release of pyrophosphate (PPi) (Haas & Rose, 1982). 

Subsequently, Ub is transferred to the active site of E1 forming a thioester bond with the 

release of AMP while AAD binds to a second Ub, ATP, and Mg2+ creating a doubly loaded 

E1 complex (Pickart et al, 1994). This ternary complex next transfers the Ub from the E1 

catalytic cysteine to an E2 catalytic cysteine residue. Structures of individual Ube1-Ub-

ATP·Mg2+ and in complex with E2 suggest that E1 undergoes specific conformational 

changes to enable Ub transfer to E2s (Olsen & Lima, 2013).  

1.6.2.2 Ubiquitin Conjugating Enzyme (E2) 

The ubiquitin-conjugating enzymes or E2s are the enzymes which conjugate with the 

activated ubiquitin after being handed over by the E1 enzyme. There are about 40 different 

E2 enzymes in humans. They harbour a core catalytic domain called the UBC domain which 
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is about 150 amino acids long. Although the UBC domain is sufficient for E2 conjugating 

activity, many E2s contain either an N- and/or C-terminal extension attached to the UBC 

domain. These extensions sometimes play crucial roles in regulating the catalytic activity of 

the UBC core domain. Based on the presence of these additional regions, E2s have been 

divided into four classes:  

class I- which contains the UBC domain only – such as Ube2D1-4 (UbcH5a-c), Ube2N. 

class II-  UBC domain with  C-terminal extension – such as Ube2R1-2, Ube2S. 

class III- UBC domain with N-terminal extension – such as Ube2e1-3 (UbcH6-8), UbcH10. 

class IV- UBC domain with both N- and C-terminal extensions – such as Ube2O, BIRC6. 

 

Fig. 1.6.5 Overview of E2 structure (Ube2D3 and Ube2G2 superimposed) with 

important structural features and binding surfaces highlighted.  

(Adapted from Stewart et al, 2016; PDB IDs 2FUH, 2CYX). 

The cysteine residue, which constitutes the active site of the enzyme, is nested in a narrow 

groove within the UBC domain. The active cysteine is nearby to the ‘HPN’ motif, which 

mediate thioester formation. This motif consists of Histidine (H), Proline (P) and Asparagine 

(N) residues and is usually found in ~10 residues to the N-terminal side of the catalytic 

cysteine (Figure 1.6.5). The histidine is involved in the stabilization of the E2 enzyme 

whereas the asparagine is involved in the catalysis of the isopeptide bond formed between 

ubiquitin and lysine residue of the substrate (Wu et al, 2003).  
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1.6.2.3 Ubiquitin Ligase Enzyme (E3) 

More than 600 E3 ligase enzymes exist in humans which are responsible for substrate 

recognition and specificity and subsequent ubiquitination (Deshaies & Joazeiro, 2009). Based 

on their ubiquitin transfer mechanism, E3s are categorized into four classes -  

 (1) homologous to the E6AP carboxyl terminus (HECT)-type  

(2) Really Interesting New Gene (RING)-type  

(3) U-box  

(4) RING-in-Between-RING (RBR)  

HECT E3 ligases were named after the first member of this family to be identified and stand 

for Homologous to the E6-AP Carboxyl Terminus (Huibregtse et al, 1995). These E3s 

directly accept ubiquitin from E2 conjugate enzymes by forming their own E3~Ub thioester 

intermediates. In humans, 28 HECT E3 ligase enzymes have been reported (Rotin & Kumar, 

2009). Most of the HECT E3 enzymes contain an N-terminal substrate-binding domain and a 

C-terminal HECT domain. The HECT domain in turn is formed of two lobes bridged together 

by a flexible hinge loop (Fig. 1.6.6).  

 

Fig. 1.6.6 Mechanism of ubiquitin transfer by HECT E3 Ligases. (A) Structure of E2 

(pale cyan)∼Ub (yellow)-NEDD4L HECT (violet) in the complex. (B) Rsp5 WW3-
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HECT domain (violet) in complex with Ub (yellow) and Sna3C (substrate, in green) 

aligned over the N-lobes of the NEDD4L and Rsp5 HECT domains. (C) Schematic 

model of E2-to-HECT ubiquitin handover and E3-to-substrate ubiquitin ligation. 

(Adapted from Kamadurai et al, 2013, PDB IDs 3JW0, 4LCD) 

The N-terminal lobe interacts with E2~Ub whereas the catalytic cysteine involved in E3~Ub 

thioester formation is present within the C-terminal lobe (Huang et al, 1999). The flexible 

loop in between enables the lobes to be dynamic and carry out Ub transfer (Verdecia et al, 

2003; Kamadurai et al, 2013). HECT E3s are involved in several cellular pathways like 

downregulation of cell surface receptors (Rotin & Kumar, 2009), biogenesis of Golgi 

apparatus (Tang et al, 2011), and maintenance of homeostasis in B lymphocytes and 

pancreatic β cells (Hao et al, 2012).  

 

RING E3 ligases all share a conserved RING domain which is generally 60-100 amino acid 

residue long. Structural studies of RING domains have revealed that conserved cysteine and 

histidine residues present within the domain stretch are involved in Zn2+ coordination 

through a rigid, globular cross-braced structure. The sequence of canonical RING domain is 

Cys-X2-Cys-X(9-39)-Cys-X(1-3)-His-X(2-3)-CysX2-Cys-X(4-48)-Cys-X2-Cys, where X 

can be any variable amino acid (Deshaies & Joazeiro, 2009) (Fig 1.6.7A, B). RING E3s can 

either be monomeric (CBL), homo- or hetero-dimeric (RNF4, BRCA1/BARD1, 

RNF20/RNF40), or multi-subunit proteins (Cullin RING Ligase superfamily or CRLs) 

depending on the number of RING domain(s) involved. 

RING domain was first identified in 1991 as a domain that was likely to bind zinc ions based 

on its eight conserved Cys and/or His residues (Freemont, 1993). Since then, over 600 RING 

E3 ligases have been reported in humans. The initially characterized RING E3s, such as c-

Cbl, Ubr1, AO7, Rbx1/Roc1 (Joazeiro et al, 1999; Kamura et al, 1999; Lorick et al, 1999; 

Ohta et al, 1999), showed that RING-type E3s contain a RING domain and a substrate-

binding domain and are actively involved in ubiquitination of the substrate. However, unlike 

HECT E3s, they mediate ubiquitin transfer directly from E2~Ub onto a substrate(s) (Fig. 

1.6.7C) 

https://elifesciences.org/articles/00828#bib17
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Fig. 1.6.7 Overview of the RING finger domain and its mechanism of ubiquitin transfer. 

(A) Sequence organization of the Zn2+-coordinating residues within the RING domain. 

Labelling starts from the first cysteine that coordinates zinc – hence denoted as C1, and 

so on. H1 is the histidine residue in the 5th position in the C3-H-C4 arrangement. Any 

amino acid in between the Zn2+ is represented by X. (b) Ribbon diagram depicting the 

structure of the RING domain from c-Cbl. The zinc atoms in sites I and II are 

represented as numbered spheres. (C) Schematic diagram of RING mediated E2~Ub 

catalysis and substrate ubiquitination. (Adapted from Deshaies & Joazeiro, 2009) 

However, not every single RING domain can individually exhibit E3 activity. For example, 

the RING domains of BARD1, Bmi1, and MdmX can’t mediate ubiquitin transfer by 

themselves. Interestingly, each of those RING domains interacts with a second RING domain 

protein (BRCA1, Ring1b, and Mdm2, respectively) and this resultant heterodimer formation 

greatly enhances E3 activity of the latter. Extensive studies suggest that RING domains are 

involved in recruitment of ubiquitin-conjugating enzymes, however we still do not fully 

understand if ubiquitin ligase activity correlates to the RING domain’s ability to bind E2 with 

high affinity (Lorick et al, 1999). For example, BRCA1-BARD1 when bound to E2 UbcH7, 

remains inactive for ubiquitin transfer (Christensen et al, 2007). But then again, some highly 

active E2-E3 enzymes do not form a stable complex together. In most cases, the affinity of 
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individual RING domains towards their corresponding E2 partners is usually low, with Kd 

values typically in the low micromolar range.  

The first crystal structure of a RING E3/E2-Ub complex reported was that of RNF4 in 

complex with ubiquitin-loaded UbcH5a through an isopeptide bond (Plechanovova et al, 

2012). RNF4 is a dimeric RING E3 ligase which associates with proteins that are already 

SUMOylated and ubiquitinates them which leads to degradation (Plechanovova et al, 2011; 

Galanty et al, 2012). The structure reveals an RNF4 dimer, with each RNF4 RING bound to a 

single UbcH5a-Ub conjugate (Fig 1.6.8). The structural details collectively establish that 

dimeric RING E3s are involved in the activation of the E2~Ub thioester whereby the 

previously closed conformation of E2~Ub is stabilized through interactions of ubiquitin with 

both RING domains of a dimer which enables the E2~Ub thioester to be ready for catalysis 

and subsequent ubiquitin transfer onto the substrate. 

 

Fig. 1.6.8 Structural insights into an E3-E2-Ub complex. The dimeric RING E3 ligase 

RNF4 (green) is bound to UbcH5A (magenta) charged with ubiquitin (blue). Each 

RING binds to an E2~Ub intermediate where ubiquitin packs against the proximal 

RING domain through the I36 patch and the E2 through the I44 hydrophobic patch. 

(Adapted from Plechanovova et al, 2012) 

U-box E3 ligases contain the signature U-box domain and operate similar to the RINGs in 

terms of mechanism of ubiquitin transfer. Although the U-box domain is distantly related in 

terms of sequence to the RING finger, it does not contain any conserved zinc coordinating 

residues. Hence, the RING-like structure in U-box domains is held together by the 

hydrophobic and salt-bridge interactions. The first U-box protein to be identified to have a 
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role in ubiquitination was UFD2 (Koegl et al, 1999). Six U-box proteins have been reported 

in humans (Hatakeyama et al, 2001). 

RBR ligases or RING-between-RING E3s are an interesting class of ubiquitin ligases which 

project the properties of RING and HECT-type E3s and are regulated through post-

translational modifications and autoinhibition for their E3 ligase activity. Interaction with 

their binding partners is also crucial for them to mediate their function. There are about 14 

RBR E3s in humans. Structures of well-characterized RBR E3s such as PARKIN, HHARI, 

and HOIP reveal the presence of three distinct domains- RING1, IBR and RING2, along with 

other domains (Beasley et al, 2007; Duda et al, 2013; Kumar et al, 2015; Lechtenberg et al, 

2016). RING1 is structurally similar to the canonical RINGs whereas IBR and RING2 adopt 

similar RING like structures. However, RING1 recruits E2~Ub and then transfers the Ub 

onto the catalytic cysteine on RING2 to form a RING2~Ub intermediate, which resembles 

the HECT E3 mediated ubiquitin transfer mechanism. RBRs are associated with activation of 

NF-κB pathways (Tokunaga et al, 2009), mitochondrial damage rescue (Clark et al, 2006), 

and translational regulation (Tan et al, 2003). 

 

1.7 Chromatin Modifying Proteins 

The dynamic chromatin state is maintained and modulated by chromatin-regulating proteins, 

which are involved in alteration of chromatin structure, facilitate release of DNA by  

nucleosome destabilization, and regulation of gene expression by mediating histone 

modification or mobilizing histone-DNA complex. Chromatin-modifying proteins are divided 

majorly into two distinct classes, 

1. Enzymes that are involved in energy-driven remodelling of DNA-histone structure with the 

help of ATP hydrolysis – chromatin remodelers. 

2. Enzymes that target histones for post-translational modifications – histone-modifying 

enzymes (writers, readers, erasers). 

Both these classes of proteins play a crucial role in nuclear processes, including gene 

expression and DNA replication, recombination and repair. 
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1.7.1 Chromatin Remodelers 

They are large macromolecular complexes which utilise the energy yielded from ATP 

hydrolysis to alter the physical state of chromatin by sliding, evicting, or reorienting 

nucleosomes. Remodelers work in concert with other chromatin associated factors to 

modulate nucleosome packaging to provide accessibility to the DNA that harbours promoters, 

enhancers and origin of replication sites for readout by DNA and RNA polymerases. This 

function is crucial to execute various DNA mediated processes like transcription, DNA 

replication and DNA repair (Clapier & Cairns, 2009).  

 

Fig. 1.7.1 Domain architecture of the chromatin remodeler families, with their ATPase 

sub-unit highlighted. All remodeler families contain an ATPase subunit harbouring an 

ATPase domain that is divided into two parts: DExx (red) and HELICc (orange). They 

are distinguished from each other by the presence of mutually distinct domains residing 

within, or adjacent to, the ATPase domain. (Adapted from Clapier & Cairns, 2009) 

 

They are currently classified broadly into four different families – SWI/SNF, ISWI, CHD and 

INO80, of which all four are dependent on ATP hydrolysis for the energy required for 

remodelling and for altering histone-DNA contacts. (Fig. 1.7.1). However, they also have 

their specialized roles which they perform by means of distinct domains residing within their 

catalytic ATPases and their signature subunits. The families remain conserved from yeast to 

humans. Together, these macromolecular complexes are collectively involved in nucleosome 

recognition, engagement, and remodelling.  
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1.7.2 Histone Modifying Enzymes 

The histone code hypothesis, put forward by CD Allis and his co-workers, predicts that the 

post-translational modifications of histones, individually or combinatorially, operate to direct 

specific and distinct DNA-templated processes leading to activation or silencing of regions of 

the genome for efficient regulation of gene expression. The addition, interpretation and 

removal of these histone modifications constitute the basis of the histone code (Strahl & 

Allis, 2000).  

Modulation and maintenance of the chromatin landscape through histone PTMs occurs 

through the cumulative action of histone modifying enzymes - writers, readers and erasers 

(Fig. 1.7.2). Of these, ‘writers’ are those enzymes that add the specific PTMs to the target 

histone residues, are divided into classes based on the specific type of modification they write 

– methyltransferases for methylation, acetyltransferases for acetylation and E3 ligases for 

ubiquitination. Similarly, enzymes which mediate removal of specific PTMs from histone 

substrates are called ‘erasers’ and are divided based on the modification they target –

demethylases for methylation, deacetylases for acetylation and deubiquitinases for 

ubiquitination. Finally, ‘readers’ denote the class of specialized protein factors that recognize 

specific histone post-translational modifications individually or in combination and thus 

brings about recruitment of various other macromolecular complexes which leads to different 

transcriptional outcomes. 

 

Fig. 1.7.2 Schematic diagram depicting the action of histone-modifying enzymes 

(writers, erasers and readers). 
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 1.7.2.1  RING domain as writer of histone PTMs 

As previously mentioned, the RNF20/40 heterodimeric complex is the E3 ligase module 

involved in mediating H2B K120 monoubiquitination in humans. The RING domain of 

RNF20 has been found essential for monoubiquitination of H2B. However, the extended N-

terminal region of the RNF20 RING domain also significantly contributes towards E2 

recruitment of RNF20/RNF40 complex (Kim & Roeder, 2009). RNF20 overexpression 

causes enhanced levels of H2B monoubiquitination and increases transcription of a set of 

HOX genes (Zhu et al, 2005). Similarly, depletion of RNF20 causes the H2BK120Ub levels 

to drop which leads to suppression of p53 targeting genes (Kim et al, 2005; Shema et al, 

2008).  

Although RNF20 has been extensively studied due to its catalytic role in H2B 

monoubiquitination, studies suggest that both RNF20 and RNF40 are active E3 ligases in-

vitro. The importance of RING fingers of the RNF20/40 complex in this regard has also been 

firmly established. Both RNF20 and RNF40 RING domains individually form stable dimers 

in solution and are found capable of hydrolysing the E2-Ub thioester bond in-vitro (Foglizzo 

et al, 2016).  

 

Fig. 1.7.3 Structural insights into RNF20 RING domain. (A) Cartoon representation of 

the RNF20 RING homodimer. (B) Model of the docked RNF20 RING–Ube2B~Ub 

complex. (C) The surface representation of RNF20 RING–Ube2B~Ub complex showing 

electrostatic potential. (Adapted from Foglizzo et al, 2016, PDB ID 5TRB) 

The structure of the RNF20 RING domain reveals the characteristic cross-braced 

arrangement holding the two zinc ions in place through one histidine and seven cysteine 

residues (Fig. 1.7.3). The dimer interface is formed by the mutually interacting residues 
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within the core RING domain, the N-terminal α-helix, and the C-terminal tail and the RNF20 

RING dimer is similar in structural features with dimeric structures of XIAP (PDB ID: 4IC2), 

BIRC7 (PDB ID: 4AUQ) and yeast Bre1 (PDB ID: 4R7E). 

Apart from RNF20/40, RING domain containing proteins RNF168 and CUL4 have been 

found to mediate ubiquitination of H2AK13/15 and H3K14 ubiquitination respectively (Gatti 

et al, 2012; Oya et al, 2019). 

 

1.7.2.2  PHD finger as reader of histone PTMs 

Plant homeodomain (PHD) zinc fingers form one of the largest group of epigenetic readers 

which are associated with recognizing and binding methylated, acetylated or unmodified 

histone tails. PHD zinc fingers are distributed widely across the eukaryotic genome and play 

a crucial role in the regulation of gene transcription and chromatin dynamics. Apart from 

their individual reader function, they participate in the combinatorial readout and 

interpretation of histone patterns operating tandemly with one or more epigenetic reader 

domains. This idea is bolstered by the fact that the majority of human PHD fingers are 

present in proteins that contain other histone reader modules, including bromodomains which 

bind to acetylated histones.  

The PHD finger was first identified in Arabidopsis thaliana as a ‘Cys4HisCys3’ zinc finger 

motif in the homeodomain protein HAT3.1 (Schindler et al, 1993). However, the function of 

PHD finger was still quite unknown. The identification and characterization of PHD fingers 

from human bromodomain and PHD finger transcription factor (BPTF) and inhibitor of 

growth-2 (ING2) for the first time described PHD fingers as a novel class of histone effector 

module capable of binding and interpreting H3K4me3 epigenetic mark (Li et al, 2006; 

Wysocka et al, 2006; Peña et al, 2006; Shi et al, 2006). Since then, several PHD fingers have 

been reported to exhibit methylated and acetylated histone-binding activities, summarised 

below.  
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Table 1.2 Summary of PHD containing proteins and their target  histone modifications  

Protein Histone PTM Protein function Biological 

outcome 
References 

BPTF H3K4me3 
ATP dependant 

chromatin remodeler 

Nucleosome mobility, 

Transcriptional 

activation 

Li et al, 2006 

Wysocka et al, 2006 

ING1 H3K4me3 Histone deacetylase 
Transcriptional 

repression 

Peña et al, 2006 

Peña et al, 2008 

 

ING2 H3K4me3 Histone deacetylase 
Transcriptional 

repression 

Peña et al, 2006 

Shi et al, 2006 

ING3 H3K4me3 
Histone 

acetyltransferase 

Transcriptional 

activation 

Peña et al, 2006 

 

ING4 H3K4me3 
Histone 

acetyltransferase 

Transcriptional 

activation 

Peña et al, 2006 

Palacios et al, 2008 

Hung et al, 2009 

ING5 H3K4me3 
Histone 

acetyltransferase 

Transcriptional 

activation 

Peña et al, 2006 

Champagne et al, 2008 

JARID1A 

(KDM5A) 
H3K4me3 Histone demethylase 

Transcriptional 

repression 
Wang et al, 2009 

MLL1 H3K4me3 
Histone 

methyltransferase 

Transcriptional 

activation 

Wang et al, 2010 

Chang et al, 2010 

Park et al, 2010 

PHF2 H3K4me3 Histone demethylase 
Transcriptional 

activation 
Wen et al, 2010 

PHF8 H3K4me3 Histone demethylase 
Transcriptional 

activation 
Horton et al, 2010 

PYGO1/2 H3K4me3 
Transcription factor, 

Wnt Signaling 

Transcriptional 

activation 

Fiedler et al, 2008 

Miller et al, 2010 

RAG2 H3K4me3 Recombinase Recombination 

Matthews et al, 2007 

Ramon-Maiques et al, 2007 

Liu et al, 2007 

TAF3 H3K4me3 Transcription factor 
Transcriptional 

activation 

Vermeulen et al, 2007 

Van Ingen et al, 2008 

AIRE H3K4 Transcription factor 
Transcriptional 

activation 

 Org et al, 2008 

Koh et al, 2008 

Chignola et al, 2009 

Chakravarty et al, 2009 
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Several PHD fingers have been reported to target the histone H3 N-terminal tail, notably the 

‘NH2-ARTKQTARK’ motif. Histone H3K4me3 is a well-known epigenetic mark associated 

with transcriptional activation and is often enriched at the start sites of actively transcribed 

genes (Ruthenburg et al, 2007). Although PHD fingers are fairly diverse and share low 

ATRX H3K4 
ATP dependant 

chromatin remodeler 

Chromatin 

remodelling,  

Heterochromatin 

formation 

Iwase et al, 2011 

BHC80 

 
H3K4 Histone demethylase 

Transcriptional 

repression 
Lan et al, 2007 

CHD4 H3K4 

ATPase, ATP 

dependant chromatin 

remodeler, Histone 

deacetylase 

Transcriptional 

repression, 

Chromatin remodelling  

Musselman et al, 2009 

Mansfield et al, 2011 

DNMT3A H3K4 
DNA 

methyltransferase 

Transcriptional 

repression 
Otani et al, 2009 

DPF3 H3K4 Chromatin remodelling 
Transcriptional 

activation 

Lange et al, 2008 

Zheng et al, 2010 

JADE1 H3K4 
Histone 

acetyltransferase 

Transcriptional 

activation 
Saksouk et al, 2009 

TRIM24 H3K4 
Transcriptional 

intermediary factor 

Both transcriptional 

activation and 

repression 

Tsai et al, 2010 

CHD4 H3K9me3 

ATPase, ATP 

dependant chromatin 

remodeler, Histone 

deacetylase 

Transcriptional 

repression, 

Chromatin remodelling 

Musselman et al, 2009 

Mansfield et al, 2011 

SMCX H3K9me3 Histone demethylase 
Transcriptional 

repression 
Iwase et al, 2007 

ECM5 

(Yeast) 
H3K36me3 

Putative histone 

demethylase 
 

Shi et al, 2007 

 

NTO1 

(Yeast) 
H3K36me3 

Histone 

acetyltransferase 
 

Shi et al, 2007 

 

DPF3 H3K14ac Chromatin remodelling 
Transcriptional 

activation 

Lange et al, 2008 

Zheng et al, 2010 
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similarity within their primary amino acid sequences, they all possess a conserved interleaved 

zinc finger arrangement that rearranges into a compact module consisting of an antiparallel 

two-stranded sheet within its core. Structural studies of BPTF and ING2 PHD fingers, both of 

which are associated with H3K4me3 readout reveal a lot of common structural features. In 

case of BPTF binding, the H3 peptide conforms into an induced b-strand on the existing 

antiparallel b-sheet core, and embeds itself within the surface groove of BPTF PHD finger, 

establishing a robust interaction. The free N-terminus of H3, along with the extended side 

chains of both R2 and K4me3 contribute to the specificity of H3K4me3 binding (Fig. 1.7.4). 

Many PHD fingers like UHRF1-PHD utilize H3R2 as a docking site for their targeting of 

ARTK segment of H3. Recent structural studies also indicate that the first zinc coordinating 

cysteine residue within N-terminal stretch of PHD fingers plays a critical role in histone 

peptide recognition. Since PHD fingers are very divergent in terms of their sequence and 

targets, it is plausible that these different PHD fingers operate under different contexts 

towards their common histone peptide recognition and hence differ in their downstream 

recruitment signalling.  

  

Fig. 1.7.4 Overview of H3K4me3 binding by BPTF PHD finger. (A) The histone-binding 

sites of the BPTF-PHD are highlighted. (B) Structure of the PHD finger of BPTF in 

complex with H3K4me3 peptide. (Adapted from Musselman & Kutateladze, 2016; 

Zhang, 2006 PDB ID 2F6J)  

PHD fingers of different families have been reported to be involved in mediating histone 

crosstalk.  Depending on their local binding pocket composition, PHD fingers from different 

families often display different histone PTM cross-talk sensitivity. For example, H3R2 
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asymmetrical dimethylation (H3R2me2a) is negatively correlated with H3K4 trimethylation 

in eukaryotes (Kirmizis et al, 2007). PHD fingers of proteins like BPTF, ING4, TAF3, 

UHRF1 are sensitive to this crosstalk while RAG2, DNMT3a and PYGO are not. These 

differences indicate variations in the R2-binding pocket of each PHD finger.  

Another important feature of PHD modules is that they often exist in pairs and likely operate 

in a combinatorial manner (Wang & Patel, 2011). PHD fingers have also been shown to be 

frequently present with other signature reader modules like bromo, chromo, tudor or  PWWP 

fingers. The presence of additional reader modules has been reported to significantly enhance 

binding affinity and target specificity of PHD fingers. BPTF PHD– bromodomain is involved 

in such combinatorial readout of H3K4me3 and H4K16ac marks at the mononucleosome 

level. PHD fingers have also been discovered to mediate SUMOylation - KAP1 PHD finger 

was found to target adjacent bromodomain which resulted in the repressive function of KAP1 

(Zeng et al, 2008). PHD fingers are varied and quite abundant in eukaryotic genome and have 

the potential to drive many more different functions which hopefully would be uncovered as 

research progresses. 

 

1.8 Role of H2B Monoubiquitination in Cancer 

Epigenetic modifications have been well known to play key roles in cancer progression 

which is characterized by aberrant gene expression. Among the different histone 

modifications expressed differentially in the malignant cells, H2BK120 monoubiquitination 

(H2BK120Ub) was identified as a tumour suppressor. Loss of global H2BK120Ub levels, as 

detected by immunohistochemistry, was found in case of several cancers including breast 

(Prenzel et al, 2011), lung and colorectal (Urasaki et al, 2012) and parathyroid (Hahn et al, 

2012). Loss of H2BK120Ub is often accompanied by mutations in tumour suppressor CDC73 

in parathyroid cancers, which disrupts the stability of the RNA polymerase II-associated 

factor 1 (PAF1) transcriptional complex and brings down the ubiquitination of H2B (Hahn et 

al, 2012). CDC73 is a member of the human PAF1 transcriptional complex that is associated 

with the RING finger E3 ubiquitin ligases RNF20–RNF40. In benign parathyroid tumours, 

CDC73 was found to be unaltered and H2BK120Ub levels were concomitantly unchanged.  
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In breast cancer, basal levels of H2BK120Ub were found to remain unchanged in normal 

mammary epithelium as well as benign breast tumours; however, H2BK120Ub is 

significantly reduced in malignant and metastatic breast cancer cells (Prenzel et al, 2011). 

H2BK120 E3 ligase RNF20 itself has been shown to act as a tumour suppressor. RNF20 

promoter is found hypermethylated in primary breast cancer cells, which likely leads to 

disruption of E3 ligase function of RNF20 (Shema et al 2008, 2011). RNF20 transcript levels 

are found reduced in metastatic prostate cancer cells with respect to benign disease cells 

(Varambally et al. 2005). Several mutations have been reported in other H2BK120Ub-

associated E3 ubiquitin ligases and DUBs in primary tumours, including DUBs USP22 and 

USP36 which get overexpressed in multiple aggressive cancers and bring about rapid breast 

cancer progression through dysregulation of H2BK120Ub (Glinsky et al, 2005; Li et al, 

2008).   

 

1.9 UBR Ubiquitin Ligase Family 

The UBR protein family is a group of E3 ubiquitin ligases which share the evolutionally 

conserved UBR box domain among themselves. Seven members of this group has yet been 

identified in mammals - UBR1 to UBR7. UBR1 (ubiquitin–protein ligase E3 component N-

recognin 1) was the first member of the family to be identified whose molecular weight is 

around 225 kDa.  It was reported to act as an N-recognin (recognises and binds N-degrons) in 

yeast (Hochstrasser & Varshavsky, 1990). Later, all seven UBR box-containing proteins were 

identified in mammals. Apart from the UBR box, the mammalian UBR members contain 

various domains and motifs generally associated with other E3 ubiquitin ligases and hence 

were  classified as E3 ligases (Fig. 1.9.1A).   
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Fig. 1.9.1 The UBR protein family. (A) Domain architecture of the members of UBR 

protein family with their signature domains highlighted. (B) Multiple sequence 

alignment showing conservation of zinc coordinating residues within UBR box shared 

by the different members of UBR protein family in mammals. (Adapted from Tasaki et 

al, 2005)  

The shared UBR domain where the zinc coordinating residues remain conserved among the 

different members of the family, has been reported to be involved in substrate recognition in 

certain cases (Tasaki et al, 2005) (Fig 1.9.1B).  

In the Ubiquitin Proteosome pathway (UPS), N-degrons refer to the degradation signals 

whose reside within the sequence of the N-terminal residues of certain cellular proteins. N-

degrons are characterized by adjoining sequence motifs and internal lysine residues which 

have the potential to get polyubiquitinated. N-degrons are classified mostly into 2 types – 

Type I and II. Type I N-degrons can occur as primary destabilizing residues, which are 

directly recognized by N-recognins and composed of positively charged amino acids, or as 

secondary and tertiary destabilizing amino acids, which has to be conjugated to a primary 

destabilizing residue. On the other hand, type II destabilizing residues are mostly composed 

of bulky hydrophobic amino acid residues. N-degron-binding UBR box proteins are called N-

recognins and UBR box of UBR1, UBR2, UBR4, and UBR5 has been shown to bind type I 

N-degrons. UBR1 and UBR2 can also bind type II N-degrons through their corresponding N 

domains. (Tasaki et al, 2009).  
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Fig. 1.9.2 Cryo-electron structure of the initiation complex comprising of UBR1, Ub, 

Ubc2 and degron peptide. The UBR box 1 and 2 and the RING are highlighted in violet, 

royal blue and cyan respectively. (Adapted from Pan et al, 2021; PDB ID 7MEX)  

UBR1, UBR2, and UBR3 harbour RING domains, which mediates direct transfer of ubiquitin 

from the E2 enzyme to the target protein and do not directly interact with ubiquitin itself. 

They, like most RING E3s possess conserved seven cysteine and a single histidine in 

between the 3rd and the 4th cysteine residues which eventually coordinate and bind two zinc 

ions among themselves, thus forming the overall structure (Deshaies & Joazeiro, 2009). 

Although the RING participates in the recruitment of its partner ubiquitin-conjugating 

enzyme, its association with E2 is not always robust and this transiency doesn’t affect its E3 

ligase activity. In case of UBR1, the RING domain by itself has low affinity for its E2 partner 

Ubc2 (an E2), and the actual E2 binding region is located in the basic region N-terminal to 

that of UBR1-RING domain (Fig. 1.9.2). However, the RING is still essential for E3 ligase 

activity of UBR1 (Xie & Varshavsky, 1999). UBR1 has been reported to mediate K-48 linked 

polyubiquitination of N-degrons in the Arg/N-degron pathway (Pan et al, 2021). UBR2, 

which also harbours a RING finger, has been reported to localize to meiotic chromatin 

regions to mediate transcriptional silencing by histone H2A ubiquitination. In order to carry 

out ubiquitin transfer onto H2A, UBR2 interacts with the E2 enzyme HR6B promotes the 

HR6B–H2A interaction. UBR2 mediated H2A ubiquitination leads to transcriptional 

silencing during meiosis (An et al, 2010).  

UBR5 contains the HECT domain  which consists of two different lobes, the N-terminal lobe 

(N-lobe) and C-terminal lobe (C-lobe), connected by a flexible linker. As previously 

mentioned, N-lobe is responsible for E2 recruitment and binding, whereas the C-lobe 
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harbours the catalytic cysteine that is involved in ubiquitin transfer. The HECT domain of 

UBR5 is present in its C-terminal tail (Qian et al, 2020). UBR5 has been reported to play a 

key role in regulation of proliferation, apoptosis and metabolism (Henderson et al, 2002). 

Recent studies connect UBR5 to the ubiquitin–proteasome system (UPS) in cancer and 

suggest that UBR5 might be involved in driving the proliferation and metastasis of triple-

negative breast cancer (Shearer et al, 2015; Liao et al, 2017; Matsuura et al, 2015). Being an 

E3 ligase, UBR5 contributes to polyubiquitination and degradation of target proteins in many 

cancers (Zhang et al, 2014; Yang et al, 2016; Wang et al, 2017). 

UBR6, also called FBXO11, is distinct from the other members since it carries a F-box and is 

part of SCF ubiquitin ligase complex consisting of Cullin 1 (CUL1), Skp1, RBX1, and the 

corresponding F-box protein. The F-box protein is responsible for directly binding to 

substrates to initiate ubiquitination and subsequent proteasomal degradation (Zheng et al, 

2002). The F-box domain by itself is a 40-amino-acid region which is involved in Skp1 

binding (Bai et al, 1996). 

Last but not the least, UBR7, the smallest member of the group, contains the plant 

homeodomain (PHD) finger, a 50–80 amino acid protein domain which is mainly associated  

with binding of methylated and acetylated histones. Proteins with this domain have been 

extensively reported to regulate gene expression within the nucleus. However, in spite of not 

having any signature domains which are commonly associated with E3 ligase activity, UBR7 

PHD has been recently demonstrated to monoubiquitinate histone H2B at lysine 120 

(H2BK120Ub). The loss of UBR7 was also found to correlate with the development of triple-

negative breast cancer and metastatic tumours (Adhikary et al, 2019). Apart from H2B,  

UBR7 has also been shown to associate abundantly with histone H3.1 (Campos et al, 2015). 

Within the eukaryotic nucleus, UBR7 has been shown to play an important role in re-

incorporation of NASP-bound post-nucleosomal histone H3 (Hogan et al, 2022). Although 

UBR7 has a conserved UBR box (44–116), it somehow demonstrates a rather 

uncharacteristic behaviour and does not recognise and bind N-degrons (Tasaki et al, 2009). 

UBR7 has also been implicated in nucleotide biosynthesis and identified as strong interactors 

of phosphoribosyl pyrophosphate synthetases (PRPSs). In this regard, UBR7 protects the 

PRPS catalytic subunits by promoting polyubiquitination of PRPS-associated protein 

(PRPSAP) which acts as a negative regulator of PRPS (Srivastava et al, 2021). UBR7 also 
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interacts with tumor-suppressor TP53 in breast cancer cells, resulting in p53 transcriptional 

activation and cell death (Isobe et al, 2020). 

 

Fig. 1.9.3 UBR7 PHD finger is distinct from other canonical RING and PHD fingers. 

(A,B) Multiple Sequence alignment of UBR7 PHD with (A) other RING fingers (B) and 

canonical PHD fingers. (C) Cross brace topology depicting the differential arrangement 

of zinc coordinating residues in canonical RING, PHD and UBR7 PHD. (Adapted from 

Adhikary et al, 2019) 

 

Despite functioning similar to a classic RING finger, UBR7 PHD has a distinct arrangement 

of zinc coordinating residues which is distinguishable among other RING and PHD fingers. 

When compared to the Cys3-His-Cys4 arrangement of the RING fingers, or the Cys4-His-

Cys3 arrangement of the PHD fingers, the atypical PHD finger of UBR7 has a Cys4-His2-

Cys2 arrangement whereby both the histidine residues are engaged with the first zinc atom. It 

is thus very interesting that UBR7, in absence of any significant size or sequence similarity 

with its fellow family members, and lacking any canonical E3 ligase domain, still plays the 

role of a ubiquitin ligase module and catalyse degradation-independent monoubiquitination of 

its substrate as compared to other UBR E3s which generally mediate polyubiquitination and 

proteasomal degradation (Adhikary et al, 2019). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2   
Objectives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 : Objectives 
 
 
 

61 
 

Background 

UBR7 is the smallest member of the UBR protein family of E3 ligases, but it distinguishes 

itself from the other members in two major aspects – firstly, it doesn’t have any signature 

domains associated with E3 ligase activity, and secondly, it doesn’t bind to N-degrons like the 

other UBR proteins. The functional role of UBR7 was relatively unknown when a collaborative 

study involving our lab reported for the first time that UBR7 catalyzes H2BK120 

monoubiquitination and plays a tumour suppressor role in countering proliferation, invasion, 

epithelial-to-mesenchymal transition (EMT) and metastasis in triple-negative breast cancer 

(TNBC) (Adhikary et al, 2019). The study also identified the E2 conjugating enzyme that was 

responsible for  UBR7 mediated H2B ubiquitination to be UbcH6. UbcH6 (also called E2E1) 

has previously been reported as the common E2 enzyme in both H2A and H2B 

monoubiquitination (Zhu et al, 2005; Wheaton et al, 2017).  However, the mechanism of UBR7 

mediated ubiquitin transfer was still not well understood.  

TNBC is one of the most aggressive forms of breast cancer with a poor prognosis than other 

forms of cancer (Onitilo et al, 2009; Dent et al, 2007, Haffty et al, 2006). Currently, there is 

no efficient targeted therapy for TNBC (Vagia et al, 2020), which emphasizes the dire need to 

understand the mechanism of UBR7 function and its association with histones in the chromatin 

context. Here, we intended to characterize the association of UBR7 with chromatin by 

employing cell-based, biophysical, and biochemical approaches and thus tried to elucidate the 

molecular mechanism behind the E3 ligase function of UBR7. 

 

Objectives of the Present Study 

Objective 1: Preparation of E2-Ub thioester 

1a. Expression and purification of Ubiquitin, Ube1(E1), and UbcH6(E2). 

1b. Ubiquitin loading of UbcH6 in presence of Ube1. 

1c. Purification of UbcH6~Ub using size exclusion chromatography. 
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Objective 2: Identification and characterization of the E2-E3 interaction interface 

between E3 ligase UBR7 and E2 conjugate UbcH6 

2a. Identification of the region of UBR7 involved in E2 binding by in vitro and ex vivo 

interaction studies. 

2b. Determination of the role of the E2 interacting region of UBR7 concerning its ubiquitin-

binding and E3 ligase activity when compared to the UBR7 full-length protein. 

2c. Generation of E2 mutants spanning mutations on probable E3 binding residues. 

2d. To ensure that the mutations designed in the E2 UbcH6 don’t disrupt its folding, E1 

interaction, and ubiquitin loading ability. 

2e. Mapping of the region of UbcH6 involved in UBR7 binding by comparing the E3 binding 

ability of the mutants with UbcH6 wildtype through protein-protein interaction studies. 

2f. Determination of the role of the residues encompassing the E3 binding surface of UbcH6 

in H2BK120 monoubiquitination. 

 

Objective 3:  Characterization of H2B monoubiquitination by UBR7-UbcH6 complex 

3a. Characterization of the ubiquitin transfer rate of UBR7-UbcH6 complex onto substrate 

histone H2B. 

3b. Identification of the minimum stretch of substrate required for UBR7 mediated ubiquitin 

transfer using histone peptides. 

3c. Finding the affinity of UBR7 PHD towards its substrate histone H2B using Fluorescence 

spectroscopy. 

3d. Detection of monoubiquitinated H2B species using antibody-independent mass 

spectrometric analysis. 

 

Objective 4:  Determination of oligomeric status of UBR7 and its role in E3 ligase function 

4a. To identify the region of UBR7 involved in self-association through cell-based expression 

and co-immunoprecipitation study. 
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4b. Prediction of UBR7 structure using molecular modelling technique. 

4c. Confirmation of oligomeric status of UBR7 using the chemical crosslinking assay.  

4d. Determination of the molar mass of UBR7 in solution using Size-exclusion 

chromatography coupled with multiple angle light scattering (SEC-MALS) 

4e. Identification of possible residues involved in oligomerization and exploring their role in 

E3 ligase function, E2  and substrate binding. 

 

Objective 5:  Comparison of the mechanism of UBR7 mediated ubiquitin transfer with 

other H2BK120 monoubiquitin ligases. 

5a. Exploring the potential of ubiquitin discharge of UBR7 PHD finger and RNF20 RING 

finger from E2-Ub thioester in the presence and absence of substrate. 

5b. Detection of conformational alteration in UBR7 PHD upon interaction with substrate H2B 

by Circular dichroism studies. 
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3.1 Chemically Competent Cell Preparation  

Superior quality competent cells are required for transformation during cloning and sub-

cloning, which involves the imbibition of extracellular plasmid DNA into the cell. To make the 

bacterial cells chemically competent, they are treated with a high concentration of divalent 

cations (like Ca2+ and Mg2+). This enables the cell wall and cell membrane of bacteria to 

become permeable for uptake of DNA. In our study, we used different strains of chemically 

competent E.coli cells for sub-cloning or DNA propagation and then subsequent expression, 

either DH5α, or BL21 StarTM (DE3) (both from Invitrogen), and RosettaTM  (Novagen). Briefly, 

LB agar plates without any antibiotics (for  DH5α and  BL21) or with Chloramphenicol ( for 

Rosetta) were streaked with previous stocks of corresponding competent cell strains to obtain 

single colonies and incubated at 37o C overnight. The next afternoon, a single colony was 

picked and seeded into 10ml Luria Bertani (LB) broth medium overnight at 37o C with shaking 

at 180 rpm, as pre-culture. On the following morning,  1ml of overnight culture was inoculated 

into 200 ml LB medium, which was then grown at 37o C with shaking, till optical density 

(O.D.) at 600 nm reached a range of 0.3 - 0.4. At this point, further bacterial growth was 

arrested by incubating the culture flask in ice and occasional swirling.  All the subsequent steps 

of this protocol were strictly performed on ice or 4o C. The cells were harvested by centrifuging 

at 6000 rpm for 15 minutes, followed by washing with chilled 100 mM Magnesium Chloride 

(MgCl2) followed by one more round of centrifuging. The cell pellets were this time 

resuspended in chilled 100 mM Calcium Chloride (CaCl2) and incubated on ice for 30 minutes. 

The cell suspension was again spun down and gently dissolved in an ice-cold solution of 75 

mM CaCl2 and 20% glycerol. The cell suspension was further aliquoted in 1.5 ml microtubes, 

flash-frozen in liquid nitrogen, and stored at -80o C. The freshly prepared competent cells were 

later tested for their transformation competency and/or presence of contamination if any before 

being used for transformation in sub-cloning or expression.  

 

3.2 Cloning of Expression Constructs and Site-Directed Mutagenesis (SDM) 

Ubiquitin (#10861), Ube1 (#34965), and UbcH6 (#15787) cloned in bacterial expression 

constructs were purchased from Addgene. GST-tagged RNF20 RING construct (in pGEX-6p-

1 vector)  and recombinant human histone H2A and H2B constructs (in pET 28A vector) were 

kindly gifted by Dr. Catherine L. Day (University of Otago, Dunedin) and Dr. Shin-ichi Tate 
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(Hiroshima University) respectively. GST tagged UBR7-full length (1–425) and the UBR 

domain (41-123) cloned in Gateway vector pDEST15 and EGFP tagged UBR7- full length 

cloned in Gateway vector pdcDNA-EGFP were available in the lab from a previous study. 

UBR7-full length, UBR7 ΔUBR (Δ44-116), and  UBR7 ΔPHD (Δ132-188) were cloned in 

mammalian vector pcDNA3.1+/C-(K)DYK for use in cell-based overexpression and immune-

pulldown experiments. 

Table 3.1 Summary of cloned bacterial constructs used in this study 

 

Gene cloned 

 

Vector 
Restriction 

enzymes used 
Primers 

(Forward and Reverse) 

UbcH6 core domain 

(39–193) 

pET28A NdeI/XhoI  F: ATATCATATGAGCAAAAACTCCAAACTCCTCT 

R: TATACTCGAGTTATGTAGCGTATCTCTTGGTCCA 

UBR7 PHD  

(132–203) 

pGEX6P-1 BamHI/XhoI F: ATATGGATCCGGCCTGTATTGCATTTGTAAAC 

R: TATACTCGAGTTATTATTTGGTAACAGCCAGCTGAG 

UBR7 CTD 

(325–425) 

pGEX6P-1 BamHI/XhoI F: ATATGGATCCGACCTGGATGTGCTGTTCCT 

R: TATACTCGAGGCTGCAATAGTATTGCATGCC 

 

The different cloned constructs used in this work were cloned mostly using restriction enzyme 

digestion and T4 DNA ligase mediated ligation strategy. Gene sequences from existing clones 

were PCR amplified using Taq Polymerase (Thermo) and the obtained PCR product was run 

on a 0.8-1% Agarose gel and purified using Gel Elution Kit (Qiagen). The PCR products and 

vectors were then digested using the same set of restriction enzymes and subsequently 

incubated together in presence of T4 DNA Ligase (NEB) followed by transformation. In case 

of cloning of the UBR7-PHD domain and its triple mutant (E145K/E151A/R195A) into pETite 

N-His SUMO vector (Lucigen), a ligase-independent strategy was employed as the purified 

insert DNA was directed added to the N-His-SUMO- KAN vector in absence of any ligase 

enzyme and the entire reaction mixture was transformed. 

Transformation of ligated products (in case of cloning) or already cloned plasmid (in case of 

expression) was performed using chemically competent cells. Briefly, 50-100ng of plasmid 

DNA or the entire 20 ul of ligated product was added to the competent cell suspension and 

incubated on ice for 30 minutes. Heat shock was applied for 90 seconds at 42°C followed by 

cold shock on ice for the next 5 minutes. The cells were next allowed to revive by adding 1ml 

of LB broth media and incubated for 1hr at 37°C with constant shaking at 180 rpm. The cells 
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were spun down at 4000 rpm for 5 minutes at room temperature (RT). The resuspended pellet 

was plated on respective antibiotic-containing LB agar plates. The agar plates were kept at 37o 

C overnight to obtain appropriate bacterial colonies. 

Table 3.2 Summary of mutants generated in this study 

 

Parent 

construct 

 

Mutations 

Generated 

 

Primers 

Forward primer (F) and Reverse Primer (R) 

UbcH6 core  

pET28A 

Δ107-111 F: TTGTCCGAAATGTAACCTTATATTCTGGTGTAAAAGTGATATCGAGAAA 

R: TTTCTCGATATCACTTTTACACCAGAATATAAGGTTACATTTCGGACAA 

UbcH6 core 

pET28A 

Δ138-142 F: AAGGAGGACTTTAGAAATGGTTAGATCTTTCAATATGTCCAAGCAAAT 

R: ATTTGCTTGGACATATTGAAAGATCTAACCATTTCTAAAGTCCTCCTT 

UBR7 PHD  

pGEX 6P-1 

E145K  F: CGGAATTTCGTCTTTCGGGTCCGGGTACG 

R: CGTACCCGGACCCGAAAGACGAAATTCCG 

UBR7 PHD  

pGEX 6P-1 

E151A F: CGACGCACTGGATCATTGCGTCCGGAATTTTCTTT 

R: AAAGAAAATTCCGGACGCAATGATCCAGTGCGTCG 

UBR7 PHD  

pGEX 6P-1 

R165A F: GGATTGCACCCAGGTGAGCGCCATGAAACCAATCTT 

R: AAGATTGGTTTCATGGCGCTCACCTGGGTGCAATCC 

 

Point mutations on existing clones were introduced by Stratagene QuikChange site-directed 

mutagenesis kit (Liu & Naismith, 2008). The PCR products containing the targeted mutations 

were obtained by setting up PCR reactions using PfuUltra High-Fidelity DNA Polymerase. The 

template DNA was digested using Dpn1 restriction endonuclease that specifically cleaves 

methylated and hemimethylated parental plasmid DNA. The digested product was then 

transformed using ultra-competent DH5α cells. The cloned constructs and their corresponding 

mutants were sequenced and confirmed. 

3.3 Recombinant Protein Expression and Purification  

The plasmid DNA constructs were transformed into Escherichia coli BL21 (DE3) or Rosetta, 

while being incubated at 37o C overnight. The bacterial colonies were flushed into a pre-culture 

and grown for 1-2 hrs. Next, it was added to larger LB media volumes in the baffled flasks and 
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grown until an O.D. of 0.6 was achieved which was measured using a spectrophotometer at 

600 nm, followed addition of 1 mM Isopropyl ß-D-1-thiogalactopyranoside (IPTG) for 

induction of recombinant proteins at 18 °C for 18 hours at 180 rpm shaking. During the 

expression of zinc finger proteins, 50 μM ZnCl2 was added with IPTG. The next day, cultures 

were centrifuged at 6000 rpm for 10 minutes to obtain cell pellets, which were either subjected 

to purification steps on the same day, or flash-frozen and stored at - 80o C for future use. 

In case of GST-tagged proteins, bacterial cell pellets were resuspended in lysis buffer 

containing 20 mM Tris-HCl (pH 7.5), 300 mM sodium chloride (NaCl), 5% glycerol, 2 mM 

Dithiothreitol (DTT) and 0.05% Nonidet-40 (NP-40) detergent and sonicated until the texture 

of the suspension turned darker and translucent. The sonicated suspension was next centrifuged 

at 28000 rpm for 45 min at 4 °C using a Sorvall RC-5C Plus ultracentrifuge. The supernatant 

obtained was filtered with a 0.22 μm filter, and subsequently incubated with pre-equilibrated 

glutathione Sepharose resin (GE Healthcare) in a rotor-mixer for 2 hrs at 4 °C. Following bead 

binding, the beads were washed with the wash buffer containing 20 mM Tris-HCl (pH 7.5), 

300 mM NaCl, 5% glycerol, and 2 mM DTT. Bound proteins were eluted with 25 mM reduced 

glutathione containing buffer and 1 mM phenylmethylsulphonyl fluoride (PMSF) further added 

to obtain GST-tagged proteins. Alternatively, proteins were cleaved using PreScission protease 

(GE Healthcare) to obtain untagged proteins.  

GST-tagged ubiquitin, which is cloned in a pGEX 2TK vector, has a thrombin cleavage site in 

between the GST tag and the protein. Thrombin enzyme was used to obtain untagged ubiquitin 

which was used for enzymatic assays and  MALDI-TOF experiments. Thrombin cleavage was 

achieved using 1X PBS buffer containing 140mM NaCl, 2.7mM KCl, 10mM Na2HPO4, and  

1.8mM KH2PO4; pH 7.3, and the cleavage reaction was allowed to proceed at RT for 16 hrs 

using mild shaking. No reducing agent was added to any buffers during the purification of 

ubiquitin as it reduces thrombin cleavage activity.  

In case of purification of His-tagged proteins, pellets were resuspended in buffer containing 20 

mM Tris-HCl (pH 8.0), 25 mM imidazole, 350-400 mM NaCl, 2 mM 2-mercaptoethanol (β-

Me), 5% glycerol, and 0.05% NP-40. Similar to GST protein purification, the lysed suspension 

was sonicated and subjected to ultracentrifugation at 28000 rpm for 45 min at 4 °C. The soluble 

fraction was then allowed to bind to TALON resin (Clontech) for 2 hours at 4 °C. The protein-

bound beads were subjected to repeated washing steps with buffer containing 500 mM NaCl. 
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The His-tagged proteins were further eluted using with freshly made elution buffer containing 

300 mM imidazole (pH 8.5). Desalting of eluted proteins was achieved using Hi-Prep 26/10 

Desalting column (GE Healthcare) to remove imidazole.  

The purification of His-Ube1 involved one further step of anion exchange chromatography 

using a 5-mL HiTrap Q HP column (GE Healthcare). Untagged proteins cut from their GST 

tag were subjected to size exclusion chromatography using HiLoad Superdex 75 pg column 

connected to an ÄKTA pure chromatography system (Both GE Healthcare). Eluted protein 

fractions were confirmed on SDS, blotted and detected by specific antibodies. Then they were 

pooled together to be concentrated using Amicon Ultra Centrifugal Filter units (Millipore) of 

appropriate cut-offs.   

 

3.4 Purification and Reconstitution of H2A-H2B Dimers  

His-tagged histones when expressed individually were found in inclusion bodies after 

sonication.  Thereafter, histone purification from inclusion bodies was done as described 

previously (Dyer et al, 2004).  Briefly, the sonicated pellet was suspended in an ice-cold 

inclusion body wash buffer containing 6M urea. The inclusion body suspension was then 

centrifuged at 18,000 rpm for 30 min. The supernatant was made to bind to TALON beads and 

later eluted with buffer containing 300 mM imidazole along with 6M urea. Eluted histones 

H2A and H2B were mixed in equimolar ratios and imidazole was removed by dialyzing the 

protein against a buffer lacking imidazole (20 mM Tris-HCl pH 8.0, 6M Urea, 2 M NaCl, 5% 

glycerol, 1 mM DTT) for 4 hrs in RT followed by a buffer change and another 4 hrs at 4 °C. 

Refolding and reconstitution of dimers were subsequently achieved by dialyzing against 20 

mM Tris-HCl pH 8.0, 2 M NaCl, 5% glycerol, 1 mM DTT, 1  mM EDTA and 1 mM PMSF 

overnight. Histone refolding was confirmed using CD spectroscopy. Three dialysis steps were 

performed back-to-back to ensure proper refolding of histones. The dialyzed histones were 

aliquoted, flash-frozen, and stored at - 80 °C. 

 

 

 

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.bioprocessonline.com%2Fdoc%2Fakta-pure-0001&psig=AOvVaw03r-QmsjT5uvR9oyJzvJ0y&ust=1653417171356000&source=images&cd=vfe&ved=2ahUKEwjh1MqKofb3AhVZ-jgGHb7ZCRsQr4kDegUIARDDAQ
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3.5 E2 Charging Assay and Purification of UbcH6~Ub Thioester 

E2~Ub thioester was prepared using activated ubiquitin in presence of Ube1 (E1) and UbcH6 

core domain (39-193) in the absence of any E3 or substrate. UbcH6 core domain is hereafter 

referred to as UbcH6c. The charging reaction contained 75 μM UbcH6c, 150 μM ubiquitin and 

0.3 μM His-Ube1 (E1) in a charging reaction buffer containing 50 mM Tris-HCl pH 7.5, 5 mM 

MgCl2, 3 mM ATP and 2 mM DTT. The reaction was allowed to go on for 16 hours following 

which the UbcH6~Ub thioester species was purified using size-exclusion chromatography. The 

eluted fractions from a Superdex 75 pg column (GE Healthcare) corresponding to the 

UbcH6~Ub peak were pooled, concentrated, and stored at - 80 °C for future use. 

For the time-point E2 charging experiment involving UbcH6c mutants, the reactions were 

stopped at different time points – 1 hr, 8 hr, and 16 hr to explore the rate of their thioester 

forming ability. 

 

3.6 In vitro Ubiquitination Assay  

Ubiquitination assays were performed as described previously (Wheaton et al, 2017; 

Plechanovova et al, 2012). In a 25-μL volume reaction mixture, His-Ube1 (0.3 μM), His-

UbcH6c (15 μM), ubiquitin (35 μM), GST tagged UBR7-PHD (0.15 μM) WT or mutants and 

H2A/H2B dimer (5 μM) were incubated together in 50 mM Tris-HCl (pH 7.6), 5 mM MgCl2, 

2mM ATP and 2 mM DTT. The reaction was allowed to proceed at 30 °C for 30 min following 

which, the reaction was quenched by adding 5 μL of 5 × Laemmli buffer and thereafter loaded 

onto a 15% SDS/PAGE gel for separation and western blot. Ubiquitinated proteins were 

detected after western blot using anti-H2BK120Ub antibody. Substrate H2B was detected with 

α-H2B antibody while α-GST and α-His horseradish peroxidase (HRP) antibodies were used 

to probe for E3s and E2s respectively. When H2B peptides were used as substrate in the 

ubiquitination assay, the assay time was increased to 6 hours.  

The single-turnover substrate assay was performed using the purified E2~Ub thioester. 0.15 

μM UBR7-PHD was added to 10 μM of UbcH6c~Ub and 5 μM H2A/H2B dimer in 

ubiquitination buffer containing 50 mM Tris-HCl (pH 7.6), 5 mM MgCl2 and 2 mM DTT. The 

reactions were stopped at specific time points (0, 2, 4, 6, 8, 10, 15, 20 minutes) and the eventual 
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product formation was analyzed by western blotting. The experiment was done in three 

replicates and the intensity of product formation in each case was noted. Due to the overlapping 

molecular weight of GST and H2K120Ub species, separate gels were run for blotting 

H2BK120Ub and GST tagged E3s. The blots were subsequently quantified using ImageJ and 

the average intensity of product (H2BK120Ub) formation corresponding to every time point 

was plotted in the product vs time plot and fitted using Hill’s equation for dose-dependent 

ligand binding. 

Sequential competitive pulldown and ubiquitination assay involved the sequential addition of 

UbcH6 (E2) and H2B (substrate) to E3 ligase UBR7-PHD in a different order and intermittent 

incubation. The addition and incubation steps in between were orchestrated in the following 

combinations – 

1. E3 + E2 + substrate incubated together followed by E1 and Ub, for the reaction to proceed.  

2. (E3 + E2) incubated together followed by the introduction of the substrate, E1, and Ub. 

3. (E3 + substrate) incubated together followed by the introduction of E2, E1, and Ub. 

The different reactions were quenched by Laemmli buffer and thereafter loaded onto a 15% 

SDS/PAGE gel for separation and western blot analysis. Ubiquitinated H2B species in each 

case was detected and compared.  

 

3.7 Thioester Hydrolysis Assay  

Pre-purified UbcH6c~Ub thioesters were used in the single-turnover thioester hydrolysis assay 

which was performed as described previously (Foglizzo et al, 2016). Briefly, 10 μM 

UbcH6c~Ub thioester was incubated with GST-tagged E3 enzymes – namely UBR7-PHD or 

RNF20 RING (2 μM each ) in the presence or absence of H2B C-terminal peptides as substrate. 

The reaction was set at  RT and was allowed to proceed up to certain time points (0, 0.5, 1, 2, 

and 4 hours). The reactions were quenched by 5 μL of 5 × Laemmli buffer and thereafter loaded 

onto a 15% SDS/PAGE gel loaded onto a 15% SDS gel, followed by a western blot. The rate 

of ubiquitin discharge was explored using an α-ubiquitin antibody. 
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3.8 GST Pull-down Assay  

GST pull-down assays were performed according to standard protocols (Busschots et al, 2005; 

Malovannaya et al, 2011). Briefly, GST-tagged proteins were added as per equimolar ratio to 

its potential interacting partner protein and incubated together in pulldown buffer (50 mM Tris-

HCl, pH 7.5, 1 mM DTT, 0.1% NP-40, 150 mM NaCl) at 4 °C overnight. Glutathione 

Sepharose beads pre-blocked with a binding buffer containing 5% BSA were subsequently 

added and incubated for 2 hours. The protein-bound beads were washed thrice and Laemmli 

buffer was added. The samples were then run on 15% SDS PAGE and further subjected to 

western blot analysis.  

 

3.9 Hexa-histidine (6xHis) Pull-down Assay  

For hexahistidine tagged protein pull-down, FLAG-UBR7 WT or corresponding deletion 

constructs were overexpressed in HeLa cells. The cell suspension was spun down and 

resuspended with lysis buffer containing 50mM HEPES, pH 7.4,150 mM NaCl, 0.1% sodium 

dodecyl sulfate (SDS), 1% Nonidet P-40,0.5% Sodium Deoxycholate, and 1X proteinase 

inhibitor cocktail (Takara). The resuspended lysate mixture was briefly sonicated, clarified 

using high-speed centrifugation, and estimated. His-tagged UbcH6- core domain (39-193) was 

extramurally added to the cell lysate and incubated at 4 °C overnight. This was followed by 

nickel-nitrilotriacetic acid (Ni-NTA) pull-down. Subsequently, the beads were washed thrice 

with 25 mM Tris-HCl, pH 7.4, 20 mM imidazole, 150 mM NaCl and 0.1% NP-40, run on SDS 

PAGE and later western blotted. Twenty percent of inputs were loaded and indicated in the 

figure. 

The Ni-NTA pull-down assays with UbcH6c and untagged PHD WT and mutant proteins were 

performed similarly.  

 

3.10 Peptide Pull-down Assay  

Peptide pull-down assays were performed according to the previously established protocols 

(Wy et al, 2006). The biotinylated histone H2B C-terminal peptides (114–125) wild type and 

K120R mutant used in this study were synthesized and procured from GL Biochem Ltd. In 
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brief, GST-tagged UBR7-PHD was added to equimolar biotinylated H2B peptides in a 

pulldown assay buffer containing 50 mM Tris-HCl, pH 7.5, 0.05% NP-40, 150 mM NaCl, 1 

mM DTT at 4 °C, overnight. The reactions were then allowed to bind streptavidin sepharose 

beads (GE Healthcare) and washed three times with the same assay buffer. The beads were 

then prepared and loaded onto a 12% SDS PAGE gel and subjected to western blot analysis.  

 

3.11 Fluorescence Spectroscopy  

The fluorescence measurements were performed in an RF-5301 PC spectrofluorometer 

(Shimadzu) at 25 °C. Since histone H2A and H2B C-terminal peptides do not have any 

tryptophan residues, hence they were synthesized from GL Biochem with a FAM fluorophore-

conjugated at the 5’ end. Fluorescein amidite (FAM) is a water-soluble fluorophore which 

when excited at 494 nm, exhibits an emission maximum of 520 nm. The fluorescence binding 

experiments were performed using 0.3 μM of the FAM-conjugated histone H2A/H2B  peptides 

dissolved in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl and 1 mM β-Me and quenching was 

monitored by adding increasing concentration of UBR7- PHD finger protein. Samples were 

excited at 494 nm and emission was recorded at 520 nm with a scan speed of 200 nm/s. The 

data were recorded in triplicates and then averaged. The data analysis was performed according 

to a previously described method (Adhikary et al, 2016; Chakrabarti et al, 2000).  

                                                         L + P  ⇌  LP 

From the above state of equilibrium of protein-ligand binding, UBR7- PHD is the ligand (L) 

in this case while FAM-conjugated H2B peptide is the protein (P). Non-linear curve fitting 

analysis (Eq. 1) was used here to determine the apparent dissociation constant (Kd). The 

experimental data points of the obtained isotherms were fitted by least-squares analysis as 

shown in Eq. 1:  

C0 (ΔF/ΔFmax)2 -  ( C0 + Cp + Kd ) (ΔF/ΔFmax) + Cp = 0    ( Eq. 1) 

where change in emission intensity for each point of the titration curve is denoted by F while 

Fmax is the change in emission intensity when the histone peptide is saturated by the ligand 

(UBR7-PHD) and there is no further change in emission intensity upon further addition of the 

ligand. Cp is the ligand concentration and C0 is the initial concentration of the histone peptide.  
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Fmax was determined from the double-reciprocal plot:  

1/ΔF = 1/ΔFmax +  Kd [ΔFmax (Cp - C0 )]    (Eq. 2) 

 

 

3.12 SEC-MALS  

Purified untagged UBR7-PHD WT or mutant proteins were used to determine their individual 

molecular mass using size exclusion chromatography coupled with Multi-Angle Light 

Scattering (SEC-MALS) experiments. The experiments were performed using an AKTA-

MALS system (GE Healthcare). A Superdex 200 Increase 10/300 GL column (GE Healthcare) 

was pre-equilibrated in 10 mM Tris (pH 7.5) and 200 mM NaCl at a flow rate of 0.25 mL/min 

overnight. About 200 µg of purified protein was injected in each case and a DAWN system 

(Wyatt Technology) was used to analyze the light scattering. The concentrations for protein 

run were determined using an Opti-lab differential refractometer (Wyatt Technology). The 

experimentally obtained molar masses of proteins were calculated using ASTRA, version 7.3.2 

(Wyatt Technology), and compared to the expected molar mass.  

 

3.13 DFDNB-mediated Cross-linking Assay  

1,5-difluoro-2,4-dinitrobenzene (DFDNB) is a chemical cross-linker containing two reactive 

fluorine atoms that couples with amine-containing molecules, resulting in the formation of 

stable arylamine bonds. DFDNB is soluble in dimethyl sulfoxide (DMSO), acetone, and most 

other water-miscible organic solvents. It has a molecular weight of 204.09 and a short spacer 

arm of 3.0Å which is especially useful for intramolecular crosslinking. 

Prescission protease cleaved UBR7-PHD wild type (WT) and triple mutant proteins were 

purified in Hepes-Na (pH 7.5) buffer. The working stock of DFDNB (Thermo Scientific) was 

prepared at a concentration of 500 μM by dissolving in DMSO. 5 μg of UBR7-PHD WT and 

mutant protein was taken for crosslinking, in crosslinking buffer containing 20 mM Hepes-Na 

(pH 7.5) and 150 mM NaCl. DFDNB was added to make a final concentration of 25 (1×) and 

50 (2×) μM and the reaction mixture was incubated at RT for 30 minutes. The crosslinking 

reaction was finally quenched by adding 5 μL of 5 × Laemmli buffer and separated on a 15% 
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SDS/ PAGE gel. The gel was stained using Coomassie Brilliant blue and visualized through 

the iBright™ FL1500 imaging system (Thermo). 

 

 

3.14 Circular Dichroism Spectroscopy  

A J-815 spectropolarimeter (Jasco) was used to record the circular dichroism (CD) spectra 

which was equipped with a Peltier temperature control unit set to 25 °C. Before recording the 

CD spectra, UBR7- PHD or RNF20 RING were added to H2B C-terminal (114–125) peptide 

in the ratio of 1: 1 or 1: 2 and incubated on ice for 2 hours. Far-UV CD spectra of the buffer 

were recorded and subtracted from all the subsequent CD spectra. The CD spectra of proteins 

in the presence or absence of the peptides were recorded from 195 to 250 nm at RT using a 1-

mm path quartz cuvette, a resolution of 0.2 nm, and a scan rate of 50 nm/min. Three consecutive 

scans were performed for each of the spectra and averaged. CD spectra of UbcH6c wild type 

and its loop deletion mutants were recorded similarly.  

 

3.15 Cell Culture  

Complete aseptic conditions were maintained inside the cell culture room to avoid 

contaminations. Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 10% FBS 

(Gibco, Amarillo, TX, USA), 1% antibiotic-antimycotic (Gibco), and 1% essential amino acid 

was used to grow and maintain HeLa cells at 37 °C in a Steri-Cycle™ (Thermo) incubator 

supplied with 5% CO2.  

 

3.16 Gene Overexpression  

EGFP-UBR7 full-length construct were individually or co-transfected with FLAG-UBR7 full-

length or the deletion constructs in HeLa cells using Lipofectamine 2000 (Invitrogen, Waltham, 

MA, USA) following the manufacturer’s instruction using 60 mm culture dishes. Cells were 

incubated at 37 °C with a supply of 5% CO2 for 24 hours. Following 24 h of transfection, cells 

were harvested for further experiments.  
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3.17 Co-immunoprecipitation and Western Blot Analysis  

After harvesting the over-expressed cells, whole-cell lysates were prepared for co-

immunoprecipitation assay, following previously standardized protocols (Mondal et al, 2020). 

Briefly, the cells were kept on ice and resuspended within the cell lysis buffer containing 50 

mM Hepes (pH 7.5), 150 mM NaCl, 1.5 mM MgCl2, 1mM EDTA, 1 mM EGTA, 1% Triton 

X-100, 0.5% sodium deoxycholate, 5% glycerol, 1 mM DTT and Protease inhibitor cocktail 

(Takara). Following resuspension, they were incubated on ice for 1 hour and subsequently 

sonicated briefly. After centrifugation at 13000 rpm for 10 min at 4 °C, the lysates were 

incubated with normal sheep serum for pre-clearing. The serum-treated lysate was then 

incubated overnight with the EGFP antibody (GenScript) followed by incubating with Protein 

A Sepharose beads (GE Healthcare). The beads were then subjected to extensive washing steps 

with the same binding buffer and samples were run on 8 or 12% SDS/PAGE for western blot 

analysis.  

For the efficient transfer of proteins, an immobilon nitrocellulose membrane (Millipore) was 

used with the transfer buffer containing 20% methanol. The transfer was done for 120 min at 

4 °C. Membranes were pre-blocked in 5% BSA and then incubated with specific primary 

antibodies overnight at 4 °C with gentle shaking. The next morning, blots were washed thrice 

with Tris-buffered saline containing 0.1% Tween-20 followed by incubation with appropriate 

secondary horseradish peroxidase (HRP) antibodies (Bethyl) for 1 hour at RT. Blots were 

developed after three more washing steps with  Tris-buffered saline containing 0.1% Tween-

20. For imaging of the blots, a C400 ChemiDoc imager (Azure Biosystems) was used while  

Super Signal West Pico Plus (Thermo Scientific) was used as chemiluminescent western 

blotting substrate. The antibodies and their corresponding dilutions that were used in this study 

have been summarised in the table below. 

Table 3.3 Summary of antibodies used in this study 

Sl. No. Antibody Company (Cat. No.) Dilution used 

1.  
Anti-Ubiquitylated 

H2B (H2BK120Ub) 
Cell Signaling Technology (#5546) 1:2000 

2.  Anti-H2B Abcam (ab1790) 1:10000 
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3.18 Protein Structural Modelling  

The crystal structure of the BPTF-PHD finger of NURF (PDB ID: 2F6N), which was one of 

the first reported structures of PHD fingers was obtained from the RCSB Protein Data Bank 

and was used as a template for structural modeling of the UBR7-PHD finger. Using the 

PHYRE2 algorithm, the amino acid sequence of UBR7-PHD was threaded onto the structure 

of the BPTF-PHD template (Kelley et al, 2015). PROQ2 tool was employed to evaluate the 

quality of the model obtained in PHYRE2.0 (Ray et al, 2012). The cartoon representation of 

the structure was created using PYMOL (Schrodinger). The 2 constituent monomers of the 

UBR7-PHD dimer were coloured differentially and the amino acid residues located at the 

dimerization interface were highlighted.  

 

3.19 MALDI-TOF Mass Spectrometry Analysis  

In-vitro ubiquitination assays were performed using UBR7-PHD finger as E3 and H2B C-

terminal WT and K120 mutant peptides as substrates. Thrombin cleaved ubiquitin was used 

for the assay. Ubiquitinated samples were spotted in triplicates on an MTP 384 BC target. A 

saturated solution of CHCA (αcyano-4-hydroxycinnamic acid) in 50% acetonitrile and 0.1% 

trifluoroacetic acid was used to carry out mass analysis in a 4700 Proteomics Analyzer with 

3.  Anti-EGFP GenScript (#A01704) 1:1000 

4.  Anti-ubiquitin 
 Cell Signaling Technology 

(#43124) 
1:2000 

5.  Anti-GST Bethyl  1:50000 

6.  Anti-His HRP Abcam (ab1187) 1:10000 

7.  Anti-FLAG  Abcam (ab236777) 1:2000 

8.  Anti-Rabbit IgG-HRP Sigma (A1949) 1:10000 

9.  Anti-Mouse IgG-HRP Promega (W402B) 1:10000 
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TOF/ TOF optics (Applied Biosystems) set in reflector mode. The peaks obtained in the range 

of 8.5–11 kDa were analyzed using PEAK EXPLORER (Agilent Technologies). Prominent 

peaks were annotated. All the annotated peaks indicating the molecular weight of the 

ubiquitinated species obtained were subsequently compared to the expected molecular weight 

of ubiquitin and ubiquitinated peptides to check for the evidence of product formation. 
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4.1 Preparation of E2-Ub Thioester 

The current study aims to understand the mechanism by which UBR7 catalyzes the E2~Ub 

thioester bond to transfer the ubiquitin onto the substrate. In any in vitro ubiquitination assay 

system, ubiquitin and the activating enzyme Ube1 are common, irrespective of the E2 and E3 

enzymes involved. Since the E2 conjugate partner for UBR7 is already known to be UbcH6, it 

was important to purify the UbcH6~Ub thioester as a reagent for single turnover ubiquitination 

assays and ubiquitin discharge assays. This is ideally done in an in vitro condition using 

purified recombinant proteins.  

For this purpose, I individually expressed and purified Ubiquitin, Ube1 (E1), and UbcH6 Core 

Domain (E2) consisting of 39-193 residues for subsequent ubiquitin charging of UbcH6. 

 

Fig. 4.1 Purification of untagged ubiquitin. (A) Domain architecture of ubiquitin with the 

seven lysine residues highlighted. (B)  Size exclusion chromatogram of untagged ubiquitin 

as obtained after eluting through Superdex 75 16/60 prep-grade column. (C) Western blot 

of eluted fractions, probed by anti-ubiquitin antibody.  

GST-tagged ubiquitin was expressed and cleaved with thrombin overnight to obtain untagged 

ubiquitin (9.2 kDa). After performing size exclusion chromatography, the eluted fractions were 

run on a 15% SDS PAGE  followed by a western blot. Purified ubiquitin protein was detected 

by probing with anti-ubiquitin antibody (Fig. 4.1B and C). 
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Fig. 4.2 Purification of Ube1. (A) Domain architecture of Ube1 with the functional 

domains highlighted in separate colours. A - adenylation domain, CC - catalytic cysteine 

domain, UFD- Ub-fold domain. (B)  Elution profile of Ube1 following anion exchange 

chromatography with a HiTrap Q HP column. (C) Western blot of eluted purified protein 

probed by anti-His antibody, FT- Flowthrough.  

Purification of His-tagged Ube1 was challenging since the protein was highly sensitive to 

temperature and was susceptible to protease cleavage. Hence, to solve this issue, all buffers 

involved in the purification protocol were supplemented with PMSF and the protein samples 

and buffers were maintained at 4°C throughout the procedure. I also opted for a rapid 

purification protocol so that the entire procedure could be completed within a day. Ube1, after 

being affinity-purified, was further subjected to size exclusion chromatography followed by 

anion exchange chromatography. The purified Ube1 was eluted with the help of NaCl gradient 

and dialyzed in storage buffer (Fig. 4.2B). Dialysed proteins were run on a gel, transferred into 

nitrocellulose membrane and probed with anti-His antibody to check purity (Fig. 4.2C). 

Purified Ube1 was aliquoted, flash frozen and stored at -80°C.  

UbcH6 belongs to class III E2 enzymes which are characterized by the N terminal extension 

added to the core UBC domain (Fig.4.2A). The full-length UbcH6 has a tendency to cleave 

into the core UBC domain in solution when purified in vitro. However, the UBC domain has 

been found sufficient for ubiquitin conjugation activity. Therefore, I subcloned UbcH6 core 

domain (39-193) into a pET28A vector and did all the experiments in this study with this 
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UbcH6 core domain only, which I will hereby denote as UbcH6c. UbcH6c elutes as a monomer 

following size exclusion chromatography and yields a molecular weight of about 17 kDa (Fig. 

4.2B and C). 

 

Fig. 4.3 Purification of UbcH6 core domain (UbcH6c). (A) Domain architecture of UbcH6 

with the UBC core domain highlighted. (B) Elution profile of UbcH6c following size 

exclusion chromatography with a Superose 6 Increase 10/300 GL column. (C) Western 

blot of eluted purified protein probed by anti-His antibody.  

Preparation of E2~Ub thioester had been described previously where the ATP dependant 

ubiquitin loading of E2 in presence of Ube1 was stopped using an ATP-diphosphohydrolase 

enzyme called Apyrase, which depleted the ATP present in the reaction mixture and arrested 

E2 charging (Plechanovová et al, 2012). However, instead of arresting the E2 charging 

reaction, I purified the ubiquitin loaded UbcH6c species by injecting the reaction sample into 

a size exclusion column and isolating it from the uncharged UbcH6c.  

From the size exclusion chromatography, the peak obtained is mixed and comprises of 

ubiquitin loaded UbcH6c and only UbcH6c (not loaded), as indicated in Fig. 4.4A. The 

fractions from the tip of the peak are collected, concentrated and checked for impurities (Fig. 

4.4B). The samples are run on a 15% SDS PAGE, blotted onto a membrane and probed with 

anti-ubiquitin antibody whereby purified UbcH6c~Ub is detected. 
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Fig. 4.4 Purification of UbcH6c~Ub thioester. (A) Size exclusion chromatogram of 

ubiquitin loaded UbcH6c following E2 charging assay using a Superose 6 Increase 10/300 

GL column. (B) Western blot of eluted purified protein probed by anti-Ub antibody.  

 

4.2 Identification and Characterization of UBR7-UbcH6 Interacting Region 

As previously mentioned, among the members of the UBR7 protein family, UBR7 alone 

contains a PHD finger that is lacking in the rest of the family members (Tasaki et al, 2005). In 

2019, our work helped establish UBR7 as an H2BK120 monoubiquitin ligase which suppresses 

tumour metastasis (Adhikary et al, 2019).  

 

Fig. 4.5 Identification of E2 interacting domain of UBR7 in vitro. (A) Human UBR7 full-

length protein with the N-terminal UBR box (yellow) and PHD finger (green) highlighted. 
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The GST-tagged constructs used in the study are indicated by grey bars. They represent 

the encompassing amino acid residues that span those GST constructs. (B) GST pull-

down assay involving UBR7 and its different domains (UBR, PHD, C-terminal domain) 

with UbcH6c, blots probed with α-GST and α-His antibodies. 

UBR7 harbours two functional domains, UBR box (41-123) and PHD finger (132-188), which 

are located closer to the N-terminal part of UBR7, whereas the C-terminal region is largely 

unstructured (Fig. 4.5A). I purified the GST tagged UBR7 full-length and domain constructs 

individually and assessed their UbcH6c binding ability through a GST pulldown assay. 

UbcH6c was found to strongly interact with wild-type (WT) and the PHD finger of UBR7. 

However, UBR box or the C-terminal region of UBR7 didn’t exhibit any significant binding 

(Fig. 4.5B).  

 

Fig. 4.6 Mapping the E2 interacting domain of UBR7 ex-vivo. (A) Expression levels of 

FLAG-tagged UBR7-full length, ΔUBR and ΔPHD constructs in HeLa cells. (B) Nickel-

NTA pull-down assay of His-tagged UbcH6c with whole-cell lysates of overexpressed 

UBR7-full length, ΔUBR and ΔPHD, blots probed with α-His and α-FLAG antibodies. 

In further check for UbcH6 interaction ex-vivo, I expressed FLAG-tagged full-length or 

truncated constructs of UBR7 in HeLa cells. The truncated constructs involved the deletion of 

either UBR box (44–116) or PHD finger (132–188). All the constructs were found to have 

comparable expression levels upon overexpression (Fig. 4.6A). Upon extramural addition of 

recombinant His-UbcH6c, a pull-down assay was performed using nickel-nitrilotriacetic acid 

(Ni-NTA) beads, it was observed that full-length UBR7 showed a strong interaction with 

UbcH6c. However, deleting the PHD finger resulted in a significant reduction in UbcH6c 

interaction when compared to the deletion of UBR box which showed no significant change 
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(Fig. 4.6B). This confirms that the UbcH6 interaction of UBR7 is accomplished through its 

PHD finger.  

 

Fig. 4.7 UBR7 does not interact with ubiquitin in-vitro in absence of E2 and its PHD finger 

is sufficient to mediate ubiquitin transfer. ( A) GST pull-down assay of UBR7-full length 

and PHD finger with untagged ubiquitin. (B) In vitro ubiquitination assay with UBR7-

full length and PHD finger. H2BK120Ub was detected by α-H2BK120Ub antibody. 

 

Since UBR7 PHD finger was found to interact with E2 enzyme UbcH6, I next tried to explore 

its interaction with ubiquitin in vitro. UBR7 doesn’t have any canonical ubiquitin-binding motif 

and neither UBR7-full length nor its PHD finger was found to interact with ubiquitin in absence 

of its E2 partner, UbcH6 (Fig. 4.7A).  However, UBR7 PHD was found sufficient for H2BK120 

monoubiquitination as it catalyzed comparable levels of H2BK120Ub with respect to its full-

length counterpart (Fig. 4.7B).   

 

Since the crystal structure of UbcH6c encompassing the amino acid residues 39–193 (PDB ID: 

5LBN) has been previously reported (Anandapadamanaban et al, 2019), I attempted to identify 

the probable residues of UbcH6 which could be involved in UBR7 interaction. Surprisingly, 

while looking into amino acid residues around the catalytic cysteine C131, the surface charge 

potential of loop 4 (residues 107–111) and loop 7 (residues 138–142) of UbcH6 seemed like 

possible regions involved in UBR7-PHD binding (Fig. 4.8).  
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Fig. 4.8 Crystal structure of UbcH6. (PDB ID: 5LBN) Figure highlighting the loops 

adjacent to catalytic cysteine residue C131,  loop 4 (orange) and loop 7 (magenta). The 

cartoon representation was generated using PyMOL, version 2.1.1. 

In order to explore if the aforementioned loops of UbcH6 were indeed binding with UBR7, I 

deleted loop 4 and loop 7 within the UbcH6c background and obtained two-loop deleted 

mutants – Δloop4 and Δloop7. I then checked for their protein folding in solution. Upon CD 

spectroscopy with WT and loop deleted UbcH6c mutants (Fig. 4.9A), no significant structural 

change was observed in the loop deleted mutants. In an effort to investigate whether the loop 

deletions have any effect on Ube1 interaction or ubiquitin loading,  I performed an E2 charging 

experiment with different time points with the UbcH6 WT and loop deletion mutants using 

Ube1 enzyme. No significant alteration in the UbcH6~Ub level was observed in any of the loop 

deletion E2 mutants when compared to the WT UbcH6 at any given time point (Fig. 4.9B). 

These results collectively suggest that deletion of loops 4 and 7 in UbcH6 doesn’t alter the 

conformation of the UBC fold and doesn’t have any inhibitory effect on E2-Ub charging. 

 

Fig. 4.9 Exploring the role of UbcH6 loops in stabilizing the UBC fold and mediating 

ubiquitin charging. (A) Far-UV CD spectra with UbcH6c WT and mutants. (B) Time-
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course experiments with UbcH6c WT and loop deletion mutants to compare ubiquitin 

charging. UbcH6c-Ub species, UbcH6c and Ube1 proteins were detected by the α-His 

antibody.  

Next, I compared the ability of UbcH6 loop mutants to bind to UBR7-PHD when compared to 

UbcH6c WT protein. Upon GST pulldown, both loop-deleted mutants of UbcH6 showed 

reduced interaction with GST tagged UBR7-PHD finger (Fig. 4.10A). I then performed an in 

vitro ubiquitination assay to explore if loop 4 and loop 7 of UbcH6 contribute significantly to 

UBR7-mediated histone ubiquitination. When compared to WT UbcH6c, loop 4 and loop 7 

deleted UbcH6c mutants showed significant reduction in H2BK120 monoubiquitination levels 

(Fig. 4.10B). These results, taken together, suggest that UBR7 PHD finger interacts with loop 

4 and loop 7 of UbcH6 and this interaction is crucial for ubiquitin transfer onto substrate H2B.  

 

Fig. 4.10 UbcH6 loops 4 and 7 are involved in UBR7 binding. (A) GST pull-down assay 

with UBR7-PHD and UbcH6c WT loop deleted mutants. (B) In vitro ubiquitination assay 

of UBR7 with UbcH6 WT and loop deleted mutants. H2BK120Ub antibody was used to 

detect the ubiquitinated H2B species. 

 

4.3 Characterization of H2B Ubiquitination by UBR7-UbcH6 Complex 

The  RING E3 ligase enzymes target the substrate protein and the cognate E2-ubiquitin 

thioester both as co-substrates during the ubiquitin transfer reaction. Thus, it is only natural 

that both substrate and the E2 have a corresponding Km associated with their respective binding 

to the ligase. Such binding typically resembles a hyperbolic concentration dependence on the 

rate of substrate ubiquitination, measured as the function of ubiquitinated product formation. 

To study this, I performed a time course ubiquitination assay experiment where the formation 
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of the ubiquitinated product - H2BK120Ub was measured over several time periods ranging 

between 0–20 minutes.  During the duration of this assay, concentrations of the substrate, E3 

ligase enzyme and E2~Ub thioester were kept constant. Upon assessing the product formation 

through an antibody-dependent technique, I obtained a time-dependent increase in H2BK120 

ubiquitination up to 15 minutes timepoint post which the E3 ligase enzyme is likely saturated 

(Fig. 4.11A).  

 

Fig. 4.11 UBR7/UbcH6 enzyme complex catalyzes ubiquitin transfer onto histone H2B C-

terminus. (A) UBR7 mediated single-turnover substrate ubiquitination assay with 

different reaction time points (0–30 min). The experiment was performed in triplicates. 

(B) The H2BK120 monoubiquitination band intensity obtained was quantified 

corresponding to each time point plotted in a product versus time graph. The average 

H2BK120Ub intensity (n= 3 repeats) at the corresponding time point is represented as a 

triangle.  The error bars indicate the standard deviation for each time point.  Hill 

equation was used for data fitting.  

I performed the single-turnover substrate ubiquitination assay in triplicates and averaged the 

obtained values of H2BK120Ub formation corresponding to each time point. Using the Hill 

equation, these values were plotted in a product versus time graph (Fig. 4.11B).  

From the previous study, we already knew that UBR7 interacts with histone H2B both as free 

dimers and as nucleosomes in vitro and can efficiently ubiquitinate either of them (Adhikary 

et al, 2019). The next question which I tried to address was if the histone fold of H2B had a 

role to play in H2BK120 monoubiquitination. However, to answer that query, it was first 

required to identify the minimum stretch of histone H2B sequence that was required as a 

substrate for ubiquitin transfer. To address this, I generated a biotin-conjugated H2B peptide 
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encompassing the H2B C-terminal tail (114–125) and a K120R mutant peptide. The mutation 

is within the same C-terminal tail and is on the same lysine residue that gets ubiquitinated.  

 

Fig. 4.12 H2B C-terminal tail is sufficient to act as substrate in UBR7 mediated ubiquitin 

transfer. (A) Streptavidin pull-down assay using biotinylated H2B C-terminal WT (114–

125) and the K120R mutant peptide to test binding with UBR7-PHD. α-GST antibody 

was used to detect GST tagged UBR7-PHD.  (B) In vitro ubiquitination assay with H2B 

WT and K120R mutant peptides as substrates. 

I started by checking the ability of these peptides to bind UBR7-PHD with the help of a peptide 

pulldown assay. It was observed that both wildtype and K120R mutant peptides interacted 

strongly with UBR7-PHD finger (Fig. 4.12A). However, in an in vitro ubiquitination assay 

involving UBR7-PHD as E3, the H2B WT peptide was efficiently ubiquitinated and was thus 

detected using anti-H2BK120Ub antibody. The corresponding K120R mutant peptide, where 

the lysine residue that was to be ubiquitinated was replaced by arginine,  showed no such ability 

to get ubiquitinated.  (Fig. 4.12B). 

Within the nucleus, H2B exists in the nucleosomal and no-nucleosomal pools being bound to 

its partner, histone H2A. Since H2A accompanies H2B forming a heterodimeric complex, it 

was crucial to examine if the interaction of UBR7-PHD with its substrate H2B was specific. 

Keeping this in mind, I performed a fluorescence spectroscopy experiment to quantify the 

affinity of UBR7-PHD towards FAM- conjugated H2B peptide. The binding data obtained 

indicated strong binding and the binding affinity (Kd) was calculated to be around 0.3 ± 0.02 

µM. However, no such binding of UBR7-PHD was observed with the corresponding H2A C-

terminal peptide (118–129) (Fig. 4.13). 
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Fig. 4.13 The affinity of UBR7-PHD is specific towards H2B C-terminal tail. The binding 

isotherms of UBR7-PHD obtained from fluorescence spectroscopy using FAM-

conjugated H2B C-terminal peptide (GTKAVTKYTSSK), trace in pink and H2A C-

terminal peptide (KKTESHHKAKGK), trace in blue (n = 3 repeats; SD is denoted by the 

error bars). 

Histone ubiquitinations so far have been reported in the lysine residues of the dynamic N-

terminal or the C-terminal tails. In addition to the lysine residue at 120th position, C-terminal 

of histone H2B harbours two more lysine residues at 116, and 125 positions, which could be 

ubiquitinated. To accurately determine the exact site of ubiquitination, I used mass 

spectrometry for the analysis of ubiquitinated samples from an assay with UBR7-PHD and the 

H2B WT and mutant peptides.  

 

Fig. 4.14 Detection and determination of molecular mass of ubiquitinated H2B peptide 

using MALDI-TOF mass spectra. (A) Mass spectra of ubiquitination assay sample using 

histone H2B WT peptide. From the left, free ubiquitin (Ub) of mass 9.285 kDa followed 



Chapter 4: Results 
 
 
 

91 
 

by the ubiquitinated H2B peptide (114–125) with mass of 10.478 kDa are labelled. (B) 

Mass spectra of assay sample using the H2B K120R mutant peptide as substrate. 

In case of the reaction with H2B WT peptide, a distinct peak was obtained which was 

determined to be 10.478 kDa. This mass was consistent with the mass of the H2B WT peptide 

(~1.2 kDa) and monoubiquitin (~9.2 kDa) taken together. As expected, no such peak was 

observed in the case of H2B K120R mutant peptide (Fig. 4.14). The control run in absence of 

UBR7-PHD enzyme did not yield any ubiquitinated H2B peptide either. These results together 

suggest that the C-terminal tail of histone H2B is a specific substrate and is sufficient by itself 

for UBR7-mediated ligase activity. 

 

4.4 Determination of Oligomeric Status of UBR7 in Solution and its Role in 

E3 Ligase Function 

RING fingers of several E3 ligases tend to form homo- or heterodimers in solution. Their 

ability to form dimers has been shown to play an important role in attenuating their E3 ligase 

activity.  Previously, no knowledge was available regarding the oligomeric status of UBR7 in 

solution.  

 

Fig. 4.15 UBR7-PHD finger exists as a dimer in solution. (A) Co-transfection of FLAG-

UBR7 or FLAG-conjugated deletion constructs with EGFP-UBR7 was performed in 

HeLa cells. Following immunoprecipitation with α-EGFP antibody, the interaction was 

assessed using α-FLAG antibody (IB). (B) Molecular model of UBR7-PHD constructed 

using structure of human BPTF PHD finger (PDB ID: 2F6N) as a template. The potential 
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residues located within the dimerization interface – E145, E151 and R165 are highlighted 

as sticks. 

 

To explore if UBR7 has any oligomeric association ex vivo, EGFP-UBR7 WT was co-

transfected with either FLAG-UBR7 WT or domain deleted constructs (FLAG-UBR7ΔPHD 

or FLAG-UBR7ΔUBR) in HeLa cells. Following immunoprecipitation procedure with EGFP 

antibody, blots were probed to check for association of FLAG-proteins with EGFP-UBR7. It 

was observed that FLAG-UBR7 WT and FLAG-UBR7 ΔUBR had retained a strong 

association with EGFP-tagged UBR7. However, the association with EGFP-UBR7 was 

drastically reduced in the case of FLAG-UBR7ΔPHD (Fig. 4.15A). This indicates that the PHD 

finger plays a key role in the self-association of UBR7.   

In absence of a crystal structure, molecular modelling technique was employed to predict the 

structure of the UBR7-PHD finger. This was done using Bromodomain PHD finger 

transcription factor (BPTF)-PHD finger (PDB ID: 2F6N) as a reference template with the 

PHYRE2 algorithm. Among the many different PHD fingers reported, BPTF-PHD was chosen 

since it had significant sequence similarity (43%) with UBR7-PHD. The dimeric structure 

shows that the main chain carbonyl and side-chain hydroxyl group of E151 residues of two 

monomers form hydrogen bonds with each other, while prominent salt bridge interaction 

connected E145 of one monomer with the R165 of the other (Fig. 4.15B). 

 

Fig. 4.16 UBR7-PHD finger remains conserved among higher eukaryotes. (A) Multiple 

sequence alignment of UBR7-PHD across different species. The highly conserved residues 
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involved in dimerization – E145, E151 and R165 are highlighted in red. The zinc 

coordinating residues are indicated in bold. Sequences of UBR7-PHD from different 

species were obtained from the UniProt database.  

UniProt accession numbers: UBR7- Human (Q8N806), UBR7-Mouse (Q8BU04), UBR7-

Rat (Q642A8), UBR7-Chicken (Q5ZMN4) and UBR7-Frog (Q569T8). (B) UBR7 missense 

somatic mutations within the PHD finger in different cancers identified from CBioPortal 

database. 

The three residues, E145, E151 and R165, which are located at the dimerization interface are 

found conserved across higher eukaryotes (Fig. 4.16A). It is also to be noted that the cBioPortal 

database, which lists the mutations of different proteins reported in various cancers, mentions 

that the two of the three residues encompassing the dimerization interface are reported to be 

target to mutations (E151D and R165M) which are implicated in uterine endometrial 

carcinoma and papillary renal cell carcinoma, respectively (Fig. 4.16B).  

 

Fig. 4.17 DFDNB mediated cross-linking of UBR7-PHD WT and triple mutant (DDM). 

Star (★) denotes non-specific contamination bands. 

With the purpose of investigating the role of these residues in the dimerization of UBR7, I next 

mutated these interface residues. The disability of the triple mutant E145K/E151A/R165A to 

form dimers was confirmed using a 1,5-difluoro-2,4-dinitrobenzene (DFDNB)- mediated 

cross-linking assay (Fig 4.17), where the triple mutant showed a significant loss of dimerization 

upon cross-linking when compared to UBR7-PHD WT. I have referred to the UBR7 triple 

mutant as dimer deficient mutant (DDM) in the figure and legend section of this thesis from 

here onwards. 
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Next,  I determined the molecular mass of UBR7-PHD WT and its corresponding mutant DDM 

using size exclusion chromatography coupled with multiple-angle light scattering (SEC-

MALS) (Fig. 4.18A) under low salt buffer conditions. Interestingly, UBR7-PHD WT yielded 

a molecular mass of 18.3 kDa (the expected monomer mass was 8.4 kDa), which was consistent 

with a dimer. However, the obtained mass in the case of UBR7-PHD DDM was 6.6 kDa 

(expected monomer mass was 8.2 kDa) (Fig. 4.18B), thereby confirming its dimer deficiency. 

 

 

Fig. 4.18 SEC-MALS analysis of untagged UBR7-PHD WT and DDM mutant. WT is 

denoted by a dashed blue line and dimer-deficient triple mutant (DDM) denoted by 

dashed green line, respectively. (A) Dashed lines represent the refractive index trace for 

WT and mutant proteins and the horizontal line under the peak represents the average 

molar mass (y-axis) distribution across the peak as determined by MALS. (B) Above 

molar mass measurements by SEC-MALS are summarized in a table.  

Once the triple mutant was confirmed to be dimer deficient, I tried to investigate the role of 

those amino acid residues encompassing the dimer interface on E3 ligase activity of UBR7- 

PHD. This was achieved by performing an in vitro ubiquitination assay involving WT UBR7-

PHD and DDM and their ability to mediate H2BK120Ub formation was compared.  
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Fig. 4.19 UBR7-PHD dimerization is essential for its E3 ligase activity. (A) In vitro 

ubiquitination assay with untagged UBR7-PHD WT, single mutants (E145K, E151A, 

R165A) and triple mutant DDM. Ubiquitinated H2B was detected with α-H2BK120Ub 

antibody. PHD WT and its mutant proteins were visualized by Coomassie Brilliant Blue 

staining. (B) Quantification of the obtained H2BK120Ub level in the above assay using 

IMAGEJ with n= 3 repeats; error bars represent the SD. 

With respect to UBR7-PHD WT, the single mutants involving mutations of the three residues 

that constituted the dimerization interface (E145K, E151A, R165A) was found to have a 

modest reduction in H2BK120Ub formation. Moreover, the dimer-deficient triple mutant 

(DDM) showed a significant reduction in its ubiquitinating ability towards histone H2BK120 

(Fig. 4.19A). The extent of substrate ubiquitination in case of the mutants with respect to WT 

was quantified using IMAGEJ software (Fig. 4.19B). This suggests that the PHD finger 

mediated dimerization of UBR7 plays a key role in maintaining its E3 ligase activity. Often, 

dimerization of RING E3 ligases plays an important role in their E2 or substrate-binding 

function. In order to gain more insights into the role of UBR7-PHD dimerization on its E2  and 

substrate interaction, I performed a Ni-NTA pull-down assay with His-tagged UbcH6c and 

untagged PHD WT or DDM. The results suggested that upon dimer deficiency, UBR7 binding 

to UbcH6 is severely compromised (Fig. 4.20A). However, in the case of the substrate, there 

was a moderate reduction in interaction between PHD DDM and histone H2A-H2B dimer 

when compared to WT in a Ni-NTA pulldown assay (Fig. 4.20B). These results, taken together, 

indicates that dimerization of UBR7 plays an essential role in both UbcH6c binding and to an 

extent, substrate H2B binding. 
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Fig. 4.20 Dimerization of UBR7 regulates its E2 and substrate binding ability. (A) 

Interaction of His-UbcH6c with PHD WT or DDM mutant was analyzed by a nickel-

nitrilotriacetic acid pull-down assay run on SDS/PAGE. (B) SDS/PAGE profile of Ni-

NTA pulldown assay involving UBR7 PHD WT and DDM with H2A-H2B dimer. 

 

4.5 Comparison of the Mechanism of UBR7 Mediated Ubiquitin Transfer 

with other H2BK120 Monoubiquitin Ligases 

Among the different RING E3 ligases that are reported in the catalysis of histone 

ubiquitinations, the RNF20/40 complex, which mediates H2BK120 monoubiquitination in 

humans is very well known. Though it exists as a heterodimeric state within the cell, RING 

fingers from both RNF20 and RNF40 have been reported to be able to homo-dimerize 

individually in vitro and are capable of targeting E2-~Ub thioester for hydrolysis (Foglizzo et 

al, 2016). Since RNF20 is an active dimeric RING E3 ligase by itself and also uses the same 

E2 enzyme as UBR7, UbcH6 to target the H2BK120 site, hence I became interested in finding 

out how these two E3 ligases, UBR7 and RNF20 differ with each other in terms of mechanism 

of ubiquitin transfer.  
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Fig. 4.21 E2~Ub thioester targeting of UBR7-PHD and RNF20-RING in absence of 

substrate. (A, B) UbcH6c~Ub thioester conjugate was incubated with UBR7-PHD (A) or 

with RNF20-RING (B) in absence of histone H2B substrate and the ubiquitin transfer 

was measured by western blotting with anti-Ub antibody. 

To investigate how ubiquitin transfer is facilitated from UbcH6 to H2B, by the E3 ligases 

UBR7 or RNF20, I performed a ubiquitin discharge assay using UbcH6~Ub thioester. In this 

assay, I incubated purified UbcH6c~Ub conjugate with either UBR7-PHD finger or RNF20-

RING with increasing time points. The hydrolysis of UbcH6c~Ub was measured by detecting 

the release of free ubiquitin. Interestingly, UBR7-PHD could not hydrolyze the thioester bond 

of UbcH6c~Ub in absence of substrate H2B, whereas the RNF20 RING finger alone could do 

so (Fig. 4.21).  

 

Fig. 4.22 Substrate induced E2~Ub thioester hydrolysis of UBR7-PHD. Single-turnover 

discharge assay with UBR7-PHD (A) in the presence of substrate C-terminal peptide of 

histone H2B (114-125) (B) or its mutant (H2B K120R). 
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I next tried to determine whether UBR7 needed to interact with its substrate to initiate ubiquitin 

release. To address this, I repeated the ubiquitin discharge assay with UBR7-PHD, only this 

time in presence of H2B C-terminal peptide (114–125). Successful transfer of ubiquitin to H2B 

peptide was indeed observed (Fig. 4.22A). This suggested that substrate binding is essential for 

UBR7 to target and hydrolyze E2~Ub thioester. It was worth investigating if the presence of 

lysine 120 residue of histone H2B is involved in ubiquitin release or if the substrate-binding 

was sufficient. I performed ubiquitin discharge assay with UBR-PHD and  H2B K120R peptide 

and was able to detect ubiquitin release in a time-dependent manner. This further confirmed 

that the substrate binding is essential and sufficient for the E3 ligase activity of UBR7 (Fig. 

4.22B).  

Fig. 4.23 Substrate association induces conformational change in UBR7-PHD finger. Far-

UV CD spectra of untagged UBR7-PHD (A) and RNF20 RING (B) with and without 

peptide. 

To investigate if substrate-binding played a key role in the activation of UBR7-PHD and 

subsequent ubiquitin discharge from E2~Ub, I employed CD spectroscopy to study any 

possible structural changes in UBR7-PHD that might occur in presence of substrate H2B. Upon 

analysis of far UV CD spectra, it was found that UBR7-PHD underwent a significant 

conformational change after substrate H2B binding (Fig.4.23A) but no such change was 

observed in the case of RNF20 RING (Fig. 4.23B). These results clearly establish that the 

ubiquitin transfer mechanism of the E3 ubiquitin ligases, UBR7 and RNF20, which 

ubiquitinates the same histone H2B substrate with the E2 conjugating enzyme UbcH6, is 

distinctly different. 
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Plant Homeodomain (PHD) finger proteins are well established as versatile chromatin readers 

which are associated with recognising and binding methylated and unmodified histone H3K4 

mark (both H3K4Me3 and H3K4Me0) or acetylated H3 or H4 (Musselman & Kutateladze, 

2011; Sanchez & Zhou, 2011). However, the catalytic function of this domain has not been 

explored as of yet. Different members of the UBR protein family have been associated with E3 

ubiquitin ligase function due to the presence of canonical RING, HECT or F-Box domains 

(Tasaki et al, 2009). UBR7, the smallest member of the UBR protein family was earlier 

reported to carry a PHD domain, but not much was known about its function. It was only 

recently that UBR7 was established as a histone E3 ligase which targeted H2BK120 for transfer 

of a single ubiquitin (Adhikary et al, 2019). Even then, the mechanism of E3 ligase function of 

UBR7 was not well understood. The current thesis work involves an attempt to understand how 

UBR7 interacts with its E2 partner UbcH6 and mediates ubiquitin transfer to histone H2B. 

These results, for the first time, establish the role of the UBR7-PHD finger as a ‘writer’ of an 

epigenetic mark which is H2BK120 monoubiquitination. Since it was already known that 

UBR7 utilizes UbcH6 as E2 for ubiquitin conjugation, we started by looking for the E2 

interacting region of E3 ligase UBR7 in the context of its binding to UbcH6. Of the two 

different functional domains and a largely unstructured C-terminal tail, PHD finger of UBR7 

was found to specifically interact with UbcH6 as well as substrate H2B. Next, I also identified 

the critical amino acid stretch of UbcH6 that is involved in UBR7 interaction. Several E2-E3 

structures reveal that the E3 binding site of most E2 enzymes, including UbcH6 is comprised 

of helix H1 and loops L1 and L2 which are generally located distant to catalytic cysteine residue 

(Stewart et al, 2016). However, in the case of UBR7,  amino acids encompassing loop L4 and  

L7 of UbcH6 was found to play a crucial role in catalysis. Upon their deletion, although the 

E2-Ub thioester forming ability stayed intact, there was a reduction in the overall H2BK120Ub 

levels as the interaction of UbcH6 with E3 UBR7 was severely compromised. 

Histone H2B was previously established as a substrate of UBR7, and it was known that UBR7 

targets H2B for monoubiquitination in both free dimeric and nucleosomal states (Adhikary et 

al, 2019). In the current work, I further established that the C-terminal tail of histone H2B (114-

125) was sufficient for its interaction with UBR7 and for its ability to get ubiquitinated. 

mediating this interaction. Point mutation of H2B targeting its substrate lysine residue (K120R) 

was found to abolish its capacity to be ubiquitinated. However, it was interesting to note that 

the lysine residue at the 120th position of H2B was not critically involved in its E3 binding as 
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the H2B K120R mutant showed similar binding to UBR7-PHD finger as compared to H2B WT 

peptide. Thus, this might indicate that some critical residues other than lysine 120 is involved 

in E3 binding activity of substrate. However, the UBR7 binding residues for histone H2B are 

yet to be identified and validated. There have been several reports where RING fingers being 

part of larger macromolecular complexes where there are separate modules of E2 and substrate 

binding. This is evident in case of  multi-subunit RING E3 of Cullin RING ligase (CRL) 

superfamily, such as the well-studied SCF which hosts a small RING finger protein (Rbx1), a 

cullin protein (Cul1) and an adaptor protein (Skp1) which is involved in binding of substrate 

recognition elements (Metzger et al , 2014). There have also been reports of E2 binding 

involving the N terminal of RING finger and not with the RING finger directly. I, however, 

found that the UBR7 PHD finger alone is capable of mediating H2BK120Ub formation, similar 

to its full-length counterpart. This result suggests that UBR7 PHD can accommodate both E2 

and substrate binding all on its own. Through a mass-spectrometric experiment, I also ensured 

that the H2B monoubiquitination that was mediated by UBR7 was specifically onto the K120 

residue, and not K116 or K125.  

I also found out that UBR7-PHD finger exists a dimeric E3 ligase module in vitro. UBR7 

dimerization was then experimentally validated in cells whereupon deletion of PHD finger, the 

self-association seems to be compromised. This was similar in line with reports of many of the 

RING finger proteins, involved in catalysis of various substrates both histone and non-histone, 

having a dimeric association which is crucial for their E3 ligase activity. The critical residues 

present at the dimerization interface of higher eukaryotes were found to be highly conserved. 

The importance of these residues was further confirmed in The Cancer Genome Atlas (TCGA) 

database, which lists the different mutations reported in cancer. Two of the three residues found 

at the dimerization interface were found mutated in uterine endometrial carcinoma and 

papillary renal cell carcinoma, among other cancers.  

In an in vitro system, mutation of all three of these residues resulted in dimer deficiency of 

UBR7-PHD.  Dimer deficiency of UBR7-PHD had significantly compromised the E3 ligase 

function of UBR7. It was also seen to reduce substrate binding and especially E2 association 

of UBR7. This might be due to instability of the PHD finger due to dimer deficiency or might 

be an indication that the E2 binding surface is located adjacent to the dimerization interface 

and is disrupted when the dimerization is compromised. Since the role of dimerization of 

UBR7-PHD was not previously explored, the current study establishes UBR7 as a dimer which 
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is crucial for eliciting the enzymatic catalytic activity. However, the role of these key residues 

involved in dimerization needs to be studied in a cellular context to understand their 

contribution towards tumorigenicity.  

There have been several previous reports focussing on RNF20 and its E3 ligase activity towards 

the catalysis of H2BK120 monoubiquitination. To address how the two E3 ligases, using the 

same E2 enzyme while targeting the same substrate, might operate differently, I compared the 

mechanism of ubiquitin transfer between UBR7 and RNF20. The requirement of substrate was 

found critical for efficient hydrolysis of UbcH6- Ub thioester bond in case of UBR7. This was, 

however, dispensable for RNF20. This result suggests that the choice of E3 ligase to be 

employed, whether UBR7 or  RNF20, is made by the UbcH6-mediated ubiquitination 

machinery based on the availability and relative abundance of substrate histone H2B. The 

substrate binding to PHD finger is sufficient to bring about activation of UBR7 PHD finger, as 

the presence of the lysine residue was not deemed essential for targeting and effective 

hydrolysis of UbcH6-Ub thioester. Upon further investigation, I found that the substrate 

association induces a significant conformational change within the UBR7 E3 ligase module 

which then becomes primed for initiating the ubiquitin discharge from UbcH6. This sort of 

conformational change was not observed in RNF20.  

 

Fig. 5.1 Working model of ubiquitin transfer mechanism of UBR7. PHD finger 

dimerization and substrate H2B association are essential for the E3 ligase function of 

UBR7 unlike RNF20.  
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The diving deep into the differentiating the mechanism of function of both E3 ligases, the 

present study has clearly established a mechanism distinct from the canonical RNF20- 

mediated transfer to histone H2BK120. 

Monoubiquitination mediated activation of signalling cascade has been previously implicated 

in transcriptional regulation and DNA repair. The role of human E3 ligases in regulating 

H2BK120Ub levels within the cell and thereby acting as tumour suppressor against 

uncontrolled cell proliferation, invasion and metastasis are of vital importance. It is only by 

fully understanding the molecular details of how the cell machinery chooses one enzyme over 

the other and differentiates between their mechanism on the account of substrate and co-

substrate availability, that we may make leaping therapeutic progress towards our fight against 

cancer.   
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Monoubiquitination of histone H2B at lysine 120 plays a vital role in
active transcription and DNA damage response pathways. Ubiquitin pro-
tein ligase E3 component N-recognin 7 (UBR7) has been recently identified
as an H2BK120 monoubiquitin ligase. However, the molecular details of
its ubiquitin transfer mechanism are not well understood. Here, we report
that the plant homeodomain (PHD) finger of UBR7 is essential for its
association with E2 UbcH6 and consequent ubiquitin transfer to its sub-
strate histone H2B. We also identified the critical region of UbcH6
involved in this function and shown that the residues stretching from 114
to 125 of histone H2B C-terminal tail are sufficient for UBR7/UbcH6-
mediated ubiquitin transfer. We also employed antibody-independent mass
spectrometry to confirm UBR7-mediated ubiquitination of the H2B C-
terminal tail. We demonstrated that the PHD finger of UBR7 forms a
dimer and this dimerization is essential for ubiquitination of histone H2B.
We mapped the critical residues involved in the dimerization and mutation
of these residues that abrogate E3 ligase activity and are associated with
cancer. Furthermore, we compared the mode of ubiquitin discharge from
UbcH6 mediated by UBR7 and RING finger protein 20 (RNF20) through
a thioester hydrolysis assay. Interestingly, binding of substrate H2B to
UBR7 induces a conformational change in the PHD finger, which triggers
ubiquitin transfer from UbcH6. However, the RNF20 RING finger alone
is sufficient to promote the release of ubiquitin from UbcH6. Overall, the
mechanism of ubiquitin transfer by the newly identified E3 ubiquitin ligase
UBR7 is markedly different from that of RNF20.

Introduction

The complex and elaborately packed state of DNA
and histone proteins, folded into a 30-nm fibre within
the eukaryotic nucleus, is referred to as chromatin.
Structural studies of the chromatin fibre have revealed

multiple tandem arrays of constituent units called
nucleosomes [1], which are composed of 146-bp long
DNA wrapped 1.65 times around two copies of H2A-
H2B dimer and a single copy of H3–H4 tetramer

Abbreviations
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assembled together into the core octamer through
interactions of their highly conserved histone fold
motifs [2,3]. Core histone tails, especially of histones
H2A and H2B, are involved in folding of the chroma-
tin fibre by securing the electrostatic charge of DNA
internally and bridging successive nucleosomes [3–5].
Histones have been reported as being enzymatically
modified [6,7] to alter chromatin structure and recruit
histone modifiers such that replication, transcriptional
regulation and several other processes are facilitated
[8,9]. Among the different post-translational modifica-
tions, histone ubiquitination is one of the less under-
stood modifications implicated in transcription [10–12]
and the DNA damage response [13].

Histones H2A and H2B are predominantly monou-
biquitinated, which causes an alteration in nucleoso-
mal dynamics and initiates cross-talk with other
histone modifications such as H3K4 and H3K79 tri-
methylation [14]. H2A lysine 119 (K119) has been pre-
viously described as a major ubiquitination site [15,16],
acted upon by E3 ligases Ring1b-Bmi1 (part of poly-
comb repressive complex 1) [17,18], breast cancer sus-
ceptibility gene 1 (BRCA1)/BRCA1-associated RING
domain protein (BARD) [19] and 2A-HUB [20] in dif-
ferent contexts, and it is known to bring about chro-
matin compaction and gene repression [10,20].
Monoubiquitination of histone H2B at lysine 123
(K123) in yeast is mediated by Rad6-Bre1 [21,22] and
lysine 120 (K120) in human is mediated by RING fin-
ger protein 20 (RNF20)/finger protein 40 (RNF40)
complex [23]. By contrast to H2A, monoubiquitination
of H2B is associated with transcribed regions of highly
expressed genes and correlated with transcriptional
memory and elongation [11,24]. The H2B C-terminal
tail, when ubiquitinated, significantly enhances the sur-
face area of the nucleosome [25], thereby enabling
H2BK120Ub marker to establish cross-talk with other
modifications within the nucleosome core, conse-
quently stimulating downstream processes [26]. Disrup-
tions of the machinery regulating H2BK120Ub and its
downstream signaling have been implicated in onco-
genesis, with a reduction of the global level of
H2BK120Ub reported in a variety of cancers [27–29].
Other E3 ligases, such as RING finger protein 8,
BRG1- or BRM-associated factor 250b, mouse double
minute 2 and BRCA1–BARD1, have also been associ-
ated with H2B K120 monoubiquitination [28–30],
although the RNF20/40 complex is by far the most
well-studied ubiquitination enzyme for H2BK120Ub
[23,31]. Among the other closely related ubiquitin-
conjugating enzymes (E2), UbcH6 (also called E2E1)
has been reported as the common E2 enzyme in both
H2A and H2B monoubiquitination [23,32].

The RING finger of Bre1 in yeast, responsible for
its E3 ligase activity, displays an overall evolutionary
conservation for its mouse homologue RNF20. How-
ever, there are specific divergences reported in the form
of coiled-coil motifs, which are longer and more com-
plex in mouse and Drosophila than their yeast counter-
part [33]. Apart from the canonical interaction
between E2-Rad6 and E3-Bre1 (via RING domain), a
non-RING Rad6-binding domain of Bre1 has also
been reported to interact with the opposite region of
the Rad6 active site, ensuring monoubiquitination and
preventing polyubiquitination of H2BK123 [34].
RNF20 forms a heterodimeric complex in humans,
with related RING finger protein 40 (RNF40) and loss
of either one results in the global reduction of the
H2BK120Ub level. RING fingers of both RNF20 and
RNF40 are active E3 ligases and exist individually as
homodimers in solution in vitro, although the reduced
stability of RNF20 RING dimer bound to Ube2B-Ub
conjugate suggests the importance of sequences outside
the RING domain that play a role in stabilizing the
complex inside the cell [35].

Ubiquitin protein ligase E3 component N-recognin 7
(UBR7) has been recently found to monoubiquitinate
H2B at K120 position and function as a breast tumor
suppressor, antagonizing epithelial–mesenchymal tran-
sition through activation of cadherin 4 [36]. UBR7
belongs to the UBR protein family of mammalian E3
ligases, comprising seven members (UBR1–7), which
share a common 70-residue zinc finger UBR box that,
according to previous studies, recognizes and binds to
the N-terminal residues of short-lived proteins, thereby
leading to destabilization (N-degrons), and is involved
in the N-end rule pathway [37]. However, although
UBR3, UBR6 and UBR7 harbour an UBR box, they
do not associate with N-degrons. The UBR family
members exhibits neither size, nor sequence similarity,
but present signature domains associated specifically
with E3 ligase activity via RING in UBR1/UBR2/
UBR3, HECT in UBR5 or F-box in UBR6 [38].
UBR7 harbours a plant homeodomain (PHD), which
is absent in any other proteins of the UBR family and
is a known chromatin binding module commonly
reported to be a reader of unmodified, acetylated and
methylated histones [39,40]. Although it is known that
UBR7 utilizes UbcH6 as its cognate E2 partner for
mediating ubiquitin transfer via its PHD finger motif
[36], the detailed catalytic mechanism is not yet well
understood. In the present study, we show that the
UBR7-PHD finger in partnership with E2 UbcH6 is
involved in a novel mode of ubiquitin transfer to sub-
strate histone H2B. We characterized the interaction
of the UBR7-PHD finger with E2 UbcH6 and
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substrate H2B and investigated the effect of dimeriza-
tion on UBR7-PHD E3 ligase activity. By comparative
biochemical assays, we probed the molecular mecha-
nism of UBR7-PHD finger-mediated ubiquitin transfer
and how it differs from the mechanism of the already
well-studied RNF20 RING finger. Overall, the present
study aimed to understand the molecular details of the
UBR7/UbcH6 complex with respect to transferring
ubiquitin to substrate H2B through a distinct mecha-
nism compared to RNF20/UbcH6 complex.

Results

Mapping the interaction between UBR7 and its
E2 interacting partner, UbcH6

Among the different members of the UBR family in
humans sharing the conserved UBR box, UBR7 alone
contains a PHD finger that is absent from the rest of
the family members [37]. We have recently identified
its role as a H2BK120 monoubiquitinating enzyme
with an important role as a suppressor of breast can-
cer metastasis [36]. UBR7 contains two functional
domains, UBR box and PHD finger, present at the N-
terminal part of the protein, whereas the C-terminal
domain is unstructured (Fig. 1A). We first mapped the
domains of UBR7 involved in interaction with its E2
conjugate partner, UbcH6. GST-tagged UBR7-full
length, UBR box, PHD finger and C-terminal domain
were purified and assessed for interaction with His-
UbcH6 core domain (UbcH6c). The interaction was
found to be robust with wild-type (WT) and the PHD
finger of UBR7, but not with the UBR box or the C-
terminal region of UBR7 (Fig. 1B). We subsequently
expressed FLAG-conjugated constructs of full-length
or truncated UBR7, with either UBR box (44–116) or
PHD finger (132–188) deletion in HeLa cells and
found that their expression levels were comparable
(Fig. 1C). Upon incubation with bacterially expressed
His-UbcH6c and subsequent pull-down with nickel-
nitrilotriacetic acid beads, we observed that full-length
UBR7 showed a robust interaction. However, deletion

of PHD finger showed a significant reduction in its
interaction with UbcH6c, whereas the deletion of
UBR box showed no such change (Fig. 1D). This
again confirmed the UBR7 interacts with UbcH6
through PHD finger.

Because the X-ray crystal structure of UbcH6 core
domain encompassing residues 37–193 [Protein Data
Bank (PDB) ID: 5LBN] has been previously reported,
we attempted to identify the critical residues of UbcH6
involved in interaction with UBR7. Interestingly, by
mapping the surface charge of residues around the cat-
alytic cysteine C131, we observed that loop 4 (residues
107–111) and loop 7 (residues 138–142) of UbcH6 are
possibly involved in binding with the UBR7-PHD fin-
ger (Fig. 1E). We further generated His-tagged con-
structs of loop 4 and loop 7 deleted UbcH6c mutants
and compared their ability to interact with GST-
UBR7-PHD finger as opposed to His-UbcH6c WT
protein. Both the loop deleted mutants of UbcH6
showed reduced ability to interact with UBR7-PHD
finger (Fig. 1F). Thus, our results indicated that PHD
finger of UBR7 critically interacted with loop 4 and
loop 7 of UbcH6. We next aimed to investigate
whether loop deletion have any effect on UbcH6 con-
formation. Accordingly, we performed CD spectros-
copy with WT and loop deletion E2 mutants
(Fig. 1G). We did not observe any significant struc-
tural change upon the loop deletion. We also per-
formed a time-dependent E2-Ub charging experiment
with the WT and loop deletion E2 mutants using E1
enzyme. We did not observe any alteration in the
UbcH6-Ub level with the WT and loop deletion E2
mutants at any particular time point (Fig. 1H). These
results suggest that loop deletion of UbcH6 neither
changes the conformation of Ubc fold, nor reduces
E1–E2 interaction with the loop deleted mutants that
can impair E2-Ub charging. We subsequently per-
formed an in vitro ubiquitination assay to further con-
firm the role of loop 4 and loop 7 of UbcH6 in
UBR7-mediated histone H2BK120 ubiquitination. We
observed that, compared to WT UbcH6c, loop 4 and
loop 7 deleted UbcH6c shows decreased H2BK120

Fig. 1. Mapping the interacting domains of UBR7 and UbcH6. (A) Domain architecture of human UBR7 highlighting the N-terminal UBR box

(yellow) and PHD finger (green). The grey bars below represent the GST-tagged constructs used in the study. (B) In vitro GST pull-down

assay of UBR7 and its individual domains (UBR, PHD, C-terminal domain) with UbcH6 core domain (37–193), blots probed with α-His and α-
GST antibodies. (C) Expression of FLAG-tagged UBR7-full length and its domain deletion constructs in HeLa cells. (D) Nickel-nitrilotriacetic

acid pull-down assay of His-tagged UbcH6c with overexpressed UBR7 and its deletion constructs, blots probed with α-FLAG and α-His
antibodies. (E) Crystal structure of UbcH6 (PDB ID: 5LBN) highlighting loop 4 (orange) and loop 7 (magenta), adjacent to catalytic cysteine

residue C131. Generated using PYMOL, version 2.1.1. (F) GST pull-down assay of UBR7-PHD with His-tagged UbcH6c WT and its loop dele-

tion constructs. (G) Far-UV CD spectra of UbcH6c WT and its loop deletion constructs. (H) Time-course experiment of ubiquitin charging

with UbcH6c WT and loop deletion mutants. UbcH6c-Ub species, UbcH6c and Ube1 proteins were detected by α-His antibody. (I) In vitro

ubiquitination assay of UBR7 with UbcH6 WT and loop deletion constructs. H2BK120Ub was detected by α-H2BK120Ub antibody.
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ubiquitination levels (Fig. 1I). These results indicate
that PHD finger of UBR7 is involved in interaction
with loop 4 and loop 7 of UbcH6 and this interaction
is crucial for UBR7-mediated histone H2BK120
monoubiquitination.

H2B C-terminal peptide is sufficient for UBR7-
mediated ubiquitination

To understand the role of UBR7-PHD finger in cata-
lyzing histone H2BK120Ub, we performed a time
course experiment where we measured formation of
the product H2BK120Ub from the substrate histone
H2B over 0–20 min. During the assay, the enzyme and
substrate concentrations were kept constant. We
observed a time-dependent increase in H2BK120 ubi-
quitination up to 15 min (Fig. 2A). We performed the
single-turnover substrate ubiquitination assay three
times. The average of the values for H2BK120Ub for-
mation of each time point were plotted in a product
versus time graph using the Hill equation (Fig. 2B).
We subsequently aimed to identify the minimum
stretch of amino acid sequence of histone H2B sub-
strate that was required for ubiquitin transfer. Because
UBR7 can selectively ubiquitinate H2B either free or
in different levels of association into H2A/H2B dimer,
core histones and nucleosomes [36], we next examined
whether full-length H2B containing histone fold
domain or the C-terminal tail containing lysine 120 is
sufficient for H2BK120 monoubiquitination. To
address this, we generated C-terminal H2B peptide
spanning amino acid residues 114–125 and H2B
K120R mutant peptide of the same stretch, and first
performed an in vitro interaction assay. We observed
that both peptides showed significant interaction with
UBR7-PHD finger (Fig. 2C). We employed fluores-
cence spectroscopy to characterize the association of
UBR7-PHD finger with fluorescein amidites (FAM)-
conjugated H2B peptide and found the binding affinity
(Kd) to be around 0.3 ! 0.02 µM. No such association
with UBR7-PHD was observed in the case of FAM-

conjugated H2A peptide (118–129) (Fig. 2D). Subse-
quently, an in vitro ubiquitination assay was performed
to identify the ability of UBR7-PHD finger to ubiqui-
tinate H2B WT or H2B K120R peptides. We observed
that only the H2B WT peptide was ubiquitinated as
detected by anti-H2BK120Ub antibody. The corre-
sponding K120R mutant peptide showed no ubiquiti-
nation band even though it interacts with the UBR7-
PHD finger (Fig. 2E). Interestingly, the C-terminal tail
of histone H2B contains three lysine residues at posi-
tions 116, 120 and 125, which have potential to
become ubiquitinated. To confirm the exact site of ubi-
quitination, we used mass spectrometry in which we
obtained a distinct peak corresponding to 10.478 kDa
for the combined mass of H2B WT peptide (~1.2 kDa)
and monoubiquitin (~9.2 kDa), whereas no such peak
was seen in the case of H2B K120R mutant peptide
(Fig. 2F). The control run without UBR7-PHD
enzyme also failed to detect any ubiquitinated H2B
peptide (data not shown). Our results indicate that the
C-terminal tail of histone H2B is necessary and suffi-
cient for UBR7-mediated ubiquitination.

Dimerization of UBR7 critically regulates its E3
ubiquitin ligase activity

Several RING fingers of E3 ligases form homo- or het-
erodimers in solution. We intended to understand the
oligomeric status of UBR7 and the role of the same
with respect to its E3 ligase activity. To determine the
oligomeric status of the protein ex vivo, HeLa cells
were co-transfected with EGFP-UBR7 in the presence
of either FLAG-UBR7 WT or FLAG-UBR7-PHD/
UBR domain deleted constructs (FLAG-UBR7ΔPHD
or FLAG-UBR7ΔUBR). Following EGFP immuno-
pull-down, we probed for the association of FLAG-
proteins with EGFP-UBR7. We observed that, unlike
FLAG-UBR7 WT or FLAG-UBR7 ΔUBR, the asso-
ciation of FLAG-UBR7ΔPHD with EGFP-UBR7 was
the lowest (Fig. 3A). This indicates that the PHD fin-
ger of UBR7 is essential for dimerization. To fine-map

Fig. 2. UBR7/UbcH6 enzyme complex transfers ubiquitin to histone H2B C terminus. (A) UBR7-PHD mediated single-turnover substrate

ubiquitination assay using E2 UbcH6c and substrate H2A/H2B dimer involving different reaction time points (0–30 min). Each experiment

was repeated three times. (B) Quantification of substrate ubiquitination shown corresponding to each time point plotted in a product versus

time graph. Each triangle represents average H2BK120Ub intensity (n = 3 repeats) at the time point of concern, and the data were fitted

using the Hill equation. Error bars show the SD. (C) Streptavidin agarose pull-down assay using biotinylated H2B C-terminal peptide (114–
125) and its K120R mutant with UBR7-PHD. Interaction was probed with α-GST antibody. (D) Binding isotherm for the interaction of FAM-

conjugated H2B C-terminal peptide (GTKAVTKYTSSK) in pink and H2A C-terminal peptide (KKTESHHKAKGK) in blue with UBR7-PHD

obtained via fluorescence spectroscopy (n = 3 repeats; error bars show the SD). (E) In vitro ubiquitination assay with C-terminal WT and

K120R mutant peptides of histone H2B as substrates. (F) MALDI-TOF mass spectra of UBR7-PHD-UbcH6-mediated monoubiquitination of

histone H2B C-terminal peptides. Ubiquitinated H2B peptide (114–125) corresponding to mass 10.478 kDa and free ubiquitin (Ub) of mass

9.285 kDa are labelled.
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the residues of UBR7 involved in dimerization, molec-
ular modelling of UBR7-PHD finger was performed
by employing bromodomain PHD finger transcription
factor (BPTF)-PHD finger (PDB ID: 2F6N) as a refer-
ence template on account of significant sequence simi-
larity (43%) using the PHYRE2 algorithm. The dimeric
structure shows a prominent salt bridge interaction
between E145 and R165 and a hydrogen-bonding
interaction between the main chain carbonyl and side
chain hydroxyl group of E151 residues (Fig. 3B).
These dimerization interface residues are conserved
across different eukaryotes (Fig. 3C). Interestingly,
from the cBioPortal database [41], we observed that
the critical residues involved in dimerization are
mutated to E151D and R165M in uterine endometrial
carcinoma and papillary renal cell carcinoma, respec-
tively (Fig. 3D). Subsequently, we mutated these inter-
face residues to investigate their role in the
dimerization of UBR7. Dimerization deficiency of the
triple mutant E145K/E151A/R165A was validated
with a 1,5-difluoro-2,4-dinitrobenzene (DFDNB)-
mediated cross-linking assay (Fig 4A), where we found
that, compared to WT, the triple mutant showed a sig-
nificant loss of dimerization upon cross-linking. To
determine the oligomeric status of UBR7-PHD in solu-
tion, we used size exclusion chromatography coupled
with multiple-angle light scattering (SEC-MALS) to
measure the molecular mass of UBR7-PHD WT and
dimer-deficient triple mutant (DDM) (Fig. 4B) under
low salt buffer conditions. The molecular mass of
UBR7-PHD WT was measured at 18.3 kDa (theoretical
monomer mass was 8.4 kDa), which corresponded to a
dimer. However, UBR7-PHD DDM was 6.6 kDa (the-
oretical monomer mass was 8.2 kDa) (Fig. 4C), which
did not exhibit any dimeric association. The effect of
dimerization deficiency on E3 ligase activity of UBR7-
PHD was further tested with an in vitro ubiquitination
assay. Compared to WT, the dimer-deficient single
mutants (E145K, E151A, R165A) showed a moderate
reduction in H2BK120Ub formation. However, on the
other hand, the triple mutant (DDM) showed a signifi-
cant reduction in its ability to ubiquitinate histone
H2BK120, indicating that the PHD finger mediated
dimerization of UBR7 is essential for its E3 ligase activ-
ity (Fig. 4D). We also quantified the substrate ubiquiti-
nation intensity of the mutants with respect to WT
using IMAGEJ (https://imagej.nih.gov/ij) (Fig. 4E). To
gain insight into the role of dimer-deficient mutant of
UBR7 (DDM) on its E2 binding, we performed a
nickel-nitrilotriacetic acid pull-down assay with His-
tagged UbcH6c and untagged PHD WT or DDM. We
observed that UbcH6c binding to DDM is significantly
reduced compared to the PHD finger, indicating that

dimerization of UBR7 plays essential role in UbcH6c
binding (Fig. 4F).

Distinct catalytic mechanism of UBR7-PHD finger
as compared to RNF20 RING finger towards
H2BK120 ubiquitination

The H2BK120 site is ubiquitinated by RNF20 as well
as UBR7. To determine how ubiquitin is transferred
from E2 UbcH6 to its substrate histone H2B, by the
E3 ligase UBR7 or RNF20, we performed a thioester
hydrolysis assay, where we incubated E2-ubiquitin
conjugate with either GST-PHD finger of UBR7 or
RING finger of RNF20 with an increasing time point
and measured the release of free ubiquitin by western
blotting. Interestingly, we observed that the PHD fin-
ger of UBR7 could not hydrolyze thioester bond of
E2-ubiquitin, whereas the RING finger RNF20 alone
could do so (Fig. 5A,B). Thereafter, we aimed to
determine whether ubiquitin release requires the associ-
ation of the substrate with UBR7. To address this, we
took WT H2B C-terminal peptide (114–125) and per-
formed the thioester hydrolysis assay and we observed
an efficient transfer of ubiquitin to H2B peptide by
UBR7 (Fig. 5C). This indicates that the substrate
binding to UBR7 is crucial for the ubiquitin transfer
mechanism to operate. Next, we considered whether
the lysine 120 residue of histone H2B is essential for
ubiquitin release or whether the substrate binding is
sufficient. To address this, we used the H2B K120R
peptide and observed that ubiquitin release could still
be detected in a time-dependent manner, indicating
that the substrate binding is sufficient for the E3 ligase
activity of UBR7 (Fig. 5D). To examine the role of
substrate binding in triggering the activation of
UBR7-PHD, we employed CD spectroscopy to ide-
nitfy any structural changes in UBR7-PHD that might
be induced because of an association with substrate
H2B. Upon analysis of far UV CD spectra, we found
a significant conformational change occurring in the
case of UBR7-PHD after substrate H2B binding
(Fig. 5E) but no such change was noted in the case of
RNF20 RING (Fig. 5F). These results clearly indicate
that the ubiquitin transfer mechanism of the E3 ubi-
quitin ligases, UBR7 and RNF20, to histone H2B sub-
strate from E2 conjugating enzyme UbcH6, is
distinctly different.

Discussion

PHD finger proteins are versatile chromatin readers
involved in the recognition of H3K4Me3, H3K4Me0
or acetylated H3/H4 [39,40]. However, to date, no
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Fig. 3. UBR7-PHD finger exists as a dimer. (A) Transient transfection was performed with EGFP-UBR7 and FLAG-UBR7 or FLAG-conjugated

deletion constructs in HeLa cells. Subsequently, immunoprecipitation was performed employing α-EGFP antibody (IP) and probed with α-FLAG
antibody (IB). (B) Molecular modelling of UBR7-PHD using the crystal structure of human BPTF (PDB ID: 2F6N) as template. Potential residues

involved in dimerization – E145, E151 and R165 are highlighted as sticks. Generated using PYMOL, version 2.1.1. (C) Multiple sequence align-

ment of UBR7-PHD across different species with highly conserved residues E145, E151 and R165 involved in dimerization are highlighted in

red. The zinc coordinating residues within the PHD zinc finger is indicated in bold. Sequences were obtained from the UniProt database

(https://www.uniprot.org/) and aligned using CLUSTAL OMEGA (https://www.ebi.ac.uk/Tools/msa/clustalo). UniProt accession numbers: UBR7-

Human (Q8N806), UBR7-Mouse (Q8BU04), UBR7-Rat (Q642A8), UBR7-Chicken (Q5ZMN4) and UBR7-Frog (Q569T8). (D) Schematic represen-

tation of UBR7 missense somatic mutations within the PHD finger in different cancers identified from TCGA database.

1849The FEBS Journal 289 (2022) 1842–1857 ª 2021 Federation of European Biochemical Societies.

A. Dasgupta et al. H2B monoubiquitination by UBR7-PHD finger

https://doi.org/10.2210/pdb2F6N/pdb
https://www.uniprot.org/
https://www.ebi.ac.uk/Tools/msa/clustalo
http://www.uniprot.org/uniprot/Q8N806
http://www.uniprot.org/uniprot/Q8BU04
http://www.uniprot.org/uniprot/Q642A8
http://www.uniprot.org/uniprot/Q5ZMN4
http://www.uniprot.org/uniprot/Q569T8


catalytic function of this domain has been established.
UBR family members have been reported to have E3
ubiquitin ligase activity through canonical RING,
HECT or F-Box [38]. It was recently reported that
UBR7, a histone-interacting protein, is involved in the
monoubiquitination of H2BK120 [36]. However, no
molecular details pertaining to its ability to enzymati-
cally catalyse the ubiquitination of H2B was available.
The present study aimed to understand the mechanism
of ubiquitin transfer mediated by UBR7 from its E2
interacting partner UbcH6 to histone H2B. For the
first time, our results establish the role of the PHD fin-
ger of UBR7 in the monoubiquitination of histone
H2BK120.

To decipher the molecular mechanism, we first
mapped the interacting regions of UBR7 with its E2,
UbcH6 and substrate histone H2B. It was observed
that the PHD finger of UBR7 specifically interacts
with UbcH6 as well as H2B. Next, we focused on
identifying the critical amino acid stretch of UbcH6
that is involved in an association with UBR7 and
found that amino acids encompassing loop 4 and loop
7 of UbcH6 play a critical role. The other interacting
partner of UBR7 was the substrate histone H2B. We
established that the C-terminal tail of histone H2B
was critical in mediating this interaction. Following
the interaction map, we established that, for H2BK120
ubiquitination, the C-terminal histone peptide har-
bouring K120 residue is sufficient for ubiquitination.
Site-specific mutation of H2BK120R abolished its abil-
ity to become ubiquitinated. Similarly, loop 4 and loop
7 residues of UbcH6 played a critical role in ubiquiti-
nation because deleting these stretches compromised
the ubiquitin transfer to histone H2B mediated by
UBR7.

We also observed that the UBR7-PHD finger has a
dimeric association in vitro. We subsequently validated
the same finding in cells. The critical residues located
in the dimerization interface were found to be highly
conserved. This indicated a potential role of these resi-
dues in UBR7 function. We assessed the contribution
of these residues in the E3 ubiquitin ligase activity of

UBR7. We have observed that mutation of these resi-
dues compromised the catalytic function of UBR7 sig-
nificantly. Because the role of the oligomeric status of
this protein has not been previously explored, the pre-
sent study prominently highlights that UBR7 acts as a
dimer for eliciting the enzymatic catalytic activity. The
importance of these residues is also reinforced from
The Cancer Genome Atlas (TCGA) database (https://
www.cancer.gov/about-nci/organization/ccg/research/
structural-genomics/tcga), where mutations to these
dimerization interface residues were reported in vari-
ous cancers. Thus, the dimerization-defective mutant
of UBR7 with compromised H2BK120 ubiquitinating
function has serious consequences in a physiological
context, which can be correlated with the propagation
of tumorigenicity. However, elucidation of the role of
these key residues involved in dimerization needs to be
established in a cellular context.

We subsequently compared the mechanism of ubi-
quitin transfer between UBR7 and a canonical RING
Finger H2BK120 ubiquitin ligase, RNF20. The
requirement of substrate for the hydrolysis of UbcH6-
Ub thioester bond was absolutely essential for UBR7
and dispensable for RNF20. This indicates that
UbcH6-mediated ubiquitination machinery makes
clear the choice of which E3 ligase, UBR7 or RNF20,
to employ for the monoubiquitination of H2BK120 on
the basis of the abundance of substrate histone H2B.
The substrate binding to PHD finger is sufficient
because we observed that, in the presence of H2B C-
terminal peptide, be it WT or mutant (K120R), the
catalytic hydrolysis of UbcH6-Ub thioester is active.
We then attempted to determine whether substrate
binding to UBR7 contributed to the ubiquitin dis-
charge process. We found that, unlike RNF20, UBR7
requires histone H2B binding to initiate the ubiquitin
discharge from UbcH6, which maybe brought about
by an conformational change. Ubiquitination mediated
activation of signalling pathways has a direct implica-
tion in regulating the cellular transcription program as
well as DNA repair. The molecular details that
evolved from the present study have clearly established

Fig. 4. Dimerization of UBR7-PHD is essential for its E3 ligase activity. (A) DFDNB-mediated cross-linking assay with untagged UBR7-PHD

WT and PHD dimer-deficient triple mutant (DDM) E145K/E151A/R165A. Non-specific contamination bands are marked by a star (★). (B)

SEC-MALS analysis of untagged UBR7-PHD WT and dimer-deficient triple mutant (DDM) denoted by a dashed blue line and dashed green

line, respectively. Dashed lines denote the refractive index trace for proteins eluted and the horizontal line under the peak corresponds to

the average molar mass (y-axis) distribution across the peak as determined by MALS. (C) Table of molar mass measurements by SEC-

MALS. (D) In vitro ubiquitination assay with untagged UBR7-PHD WT, single mutants (E145K, E151A, R165A) and triple mutant DDM.

Western blotting was performed with α-H2BK120Ub antibody. PHD WT and its mutant proteins were shown by Coomassie Brilliant blue

staining. (E) Quantification of H2BK120Ub level in ubiquitination assay using PHD WT and mutants using IMAGEJ with n = 3 repeats; error

bars show the SD. (F) Interaction of His-UbcH6c with WT PHD or DDM mutant was analyzed by a nickel-nitrilotriacetic acid pull-down assay

run on SDS/PAGE.
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a mechanism distinct from the canonical RNF20-
mediated ubiquitin transfer to histone H2BK120.

Materials and methods

Constructs and mutagenesis

Expression vectors containing ubiquitin (#10861) and Ube1

(#34965) were purchased from Addgene (Watertiwnn, MA,

USA). UBR7-full length (1–425), ∆UBR (44-116) or

∆PHD (132–188) was cloned into mammalian vector

pcDNA3.1+/C-(K)DYK. UbcH6 core domain (37–193)
and UBR7-PHD (132–203) were subcloned into pET28A

(Novagen, Madison, WI, USA) and pGEX6P-1 (GE

Healthcare, Chicago, IL, USA) vectors, respectively, using

restriction enzymes NdeI/XhoI and BamHI/XhoI (New

England Biolabs, Ipswich, MA, USA). The mutant and

deletion clones were generated using a QuikChange site-

directed mutagenesis kit (Stratagene, San Diego, CA, USA)

following standard protocols [42]. All subclones and

mutants were further confirmed by sequencing.

Recombinant protein expression and purification

Clones were transformed into Escherichia coli BL21 (DE3),

overnight bacterial colonies were grown in LB media until

D of 0.6 was achieved, followed by induction with 1 mM

IPTG for 18 h at 18 °C. In the case of zinc finger proteins,

IPTG was supplemented with 50 μM ZnCl2. For purifica-

tion of GST-tagged proteins, cells were resuspended in

buffer containing 20 mM Tris-HCl (pH 7.5), 300 mM NaCl,

5% glycerol, 2 mM DTT and 0.05% NP-40 and sonicated

followed by centrifugation at 38 724 g for 45 min at 4 °C.
Supernatant was incubated with glutathione sepharose resin

(GE Healthcare) and washed with lysis buffer without the

detergent. Bound proteins were either eluted with freshly

prepared buffer containing 25 mM reduced glutathione and

1 mM PMSF to obtain GST-tagged proteins or cleaved

with PreScission protease (GE Healthcare) to obtain

untagged proteins. GST-tagged ubiquitin was cleaved with

thrombin to obtain untagged ubiquitin which were used for

enzymatic assays and a MALDI-TOF experiment. To

purify His-tagged proteins, pellets were lysed in buffer con-

taining 20 mM Tris-HCl (pH 8.0), 350 mM NaCl, 25 mM

imidazole, 5% glycerol, 2 mM 2-mercaptoethanol and

0.05% NP-40. The soluble fraction was then bound to

TALON resin (Clontech, Mountain View, CA, USA) and

washed with wash buffer containing 500 mM NaCl. Bound

proteins were eluted with 300 mM imidazole-containing

buffer (pH 8.5) to obtain His- tagged proteins, which were

then passed through Hi-Prep 26/10 Desalting column (GE

Healthcare) to remove imidazole. His-Ube1 was further

purified by anion exchange chromatography using a 5-mL

HiTrap Q HP column (GE Healthcare). Proteins were

concentrated using Amicon Ultra Centrifugal Filter units

(Millipore, Burlington, MA, USA).

In vitro ubiquitination assay

In vitro ubiquitination assays were performed as described

previously [32,43]. In brief, a 25-μL reaction volume was

constituted by incubating together His-Ube1 (0.3 μM), His-

UbcH6c (15 μM), ubiquitin (35 μM), GST- UBR7-PHD

(0.15 μM) WT or mutants and H2A/H2B dimer (5 μM) in

50 mM Tris-HCl (pH 7.6), 5 mM MgCl2, 2 mM ATP and

2 mM DTT and this was allowed to proceed at 30 °C for

30 min. In the case of the ubiquitination assay with H2B

peptides as substrate, the assay time was increased to 6 h.

The reaction was quenched by adding 5 μL of 5 × Laemmli

buffer with separation on 15% SDS/PAGE gels. Ubiquiti-

nated proteins were analysed by western blotting using spe-

cific antibodies for H2BK120Ub (#5546; Cell Signaling

Technology, Danvers, MA, USA). Substrate was detected

with α-H2B (#1790; Abcam, Cambridge, MA, USA), α-
GST (#A190-122A; Bethyl Laboratories, Montgomery, TX,

USA) and α-His horseradish peroxidase (#1187; Abcam)

antibodies were used for affinity tagged E3 and E2s

respectively.

In the case of single-turnover substrate assay, E2~Ub

thioester was prepared first by incubating ubiquitin, Ube1

and UbcH6c in the buffer mentioned above in the absence

of E3 UBR7-PHD and substrate H2A/H2B. The UbcH6-

c~Ub species was purified through size exclusion chroma-

tography using a Superdex 75 pg column (GE Heathcare)

and stored at −80 °C. For the assay, 10 μM of UbcH6c~Ub

was incubated with 2 μM GST-PHD and 5 μM H2A/H2B

dimer in ATP-less buffer. The reactions were stopped at

specific time points and product formation was analysed by

western blotting. The experiments were repeated three times

and the average of the values for each time point were plot-

ted. Separate gels were run for blotting H2BK120Ub and

GST proteins as a result of overlapping molecular weight.

The blots were subsequently quantified using IMAGEJ.

Thioester hydrolysis assay

UbcH6c~Ub thioesters were prepared and purified as

described above and the single-turnover discharge assay

was performed in accordance with a previously established

protocol [35]. Next, 10 μM UbcH6c~Ub thioester was

mixed with GST-tagged UBR7-PHD or RNF20 RING

(2 μM), in the presence or absence of H2B C-terminal pep-

tides as substrate, followed by incubation at room temper-

ature for different time points. Laemmli buffer was added

to stop the reactions and loaded onto a 15% SDS/PAGE

gel, and the gels were further analysed by western blotting

using α-ubiquitin (#43124; Cell Signaling Technology)

antibody.
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Affinity pull-down assays

GST and nickel-nitrilotriacetic acid pull-down assays were

performed as described in standard protocols [44,45]. In

brief, GST-tagged proteins along with the binding proteins

in a equal molar ratio were incubated in binding buffer

(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% NP-40,

1 mM DTT) at 4 °C, then pulled down by glutathione

Sepharose beads pre-blocked with binding buffer

containing 5% BSA. The beads after binding were washed

thrice and run on 15% SDS/PAGE and further analysed

by western blot. For nickel-nitrilotriacetic acid pull-down,

FLAG-UBR7 WT or deletion constructs were overex-

pressed in HeLa cells. His-tagged UbcH6-full length was

extramurally added to the cell lysate, followed by nickel-

nitrilotriacetic acid pull-down. The beads were washed with

25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 20 mM imidazole

Fig. 5. The role of histone H2B substrate in UBR7-PHD mediated hydrolysis of UbcH6c~Ub thioester bond. (A–D) UbcH6c~Ub thioester

conjugate was incubated without (A, B) or with (C, D) histone H2B peptide substrates and the ubiquitin transfer was measured by western

blotting with anti-Ub antibody. (A, B) Single-turnover discharge assay with GST-PHD (A) or GST-RING (B) without substrate histone H2B. (C,

D) Single-turnover discharge assay with UBR7-PHD in the presence of substrate C-terminal peptide of histone H2B (114-125) (C) or its

mutant (H2B K120R) (D). (E, F) Far-UV CD spectra of untagged UBR7-PHD (E) and RNF20 RING (F) with and without peptide.
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and 0.1% NP-40, three times, and subjected to western

blotting for analysis. Twenty percent inputs were loaded.

The nickel-nitrilotriacetic acid pull-down pull-down assays

with UbcH6c and untagged PHD WT and mutant proteins

were performed similarly.

Peptide pull-down assay

Biotinylated H2B C-terminal peptides (114–125) WT and

K120R were synthesized by GL Biochem (Shanghai) Ltd

(Shanghai, China). Peptide pull-down assays were carried

out in accordance with previously established protocols

[46]. In brief, GST-tagged UBR7-PHD was incubated with

biotinylated H2B peptides in assay buffer (50 mM Tris-HCl,

pH 7.5, 150 mM NaCl, 0.05% NP-40, 1 mM DTT) at 4 °C,
overnight. The reactions were thereafter pulled by streptavi-

din sepharose beads (GE Healthcare) and washed with the

same assay buffer, and the protein bound to the beads was

loaded onto a 12% SDS/PAGE gel and analyzed by west-

ern blotting.

Fluorescence spectroscopy

The spectroscopic titrations were performed using a RF-

5301 PC spectrofluorimeter (Shimadzu, Kyoto, Japan) at

25 °C. The fluorescence measurements were carried out

using 0.3 μM of the histone peptides dissolved in 20 mM

Tris-HCl (pH 6.5), 150 mM NaCl and 1 mM β-Me with

increasing concentration of UBR7-full length or PHD fin-

ger proteins. Samples were excited at 494 nm and emission

was recorded at 520 nm with a scan speed of 200 nm"s−1.
The data were averaged over three scans. The 50-FAM-

conjugated peptide H2B (114–125) was synthesized by GL

Biochem (Shanghai) Ltd. The data were analysed according

to the method described previously [47,48].

L þ P . LP

From the above equilibrium state of protein-ligand bind-

ing, where ligand (L) is UBR7-full length or PHD and P is

the FAM-conjugated H2B peptide, and the apparent disso-

ciation constant (Kd) was determined using non-linear

curve fitting analysis (Eqn 1) All experimental points of the

observed isotherms were fitted by least squares analysis as

shown in Eqn (1):

C0 ΔF=ΔFmaxð Þ2 & C0 þ Cp þ Kd

! "
ΔF=ΔFmaxð Þ þ Cp ¼ 0

(1)

where F is the change in fluorescence emission intensity at

520 nm (excitation of FAM fluorophores at 494 nm) for

each point of the titration curve, Fmax is the change in

emission intensity when the ligand (UBR7-full length or

PHD) saturates the binding to histone peptide, Cp is the

concentration of ligand and C0 is the initial concentration

of the histone peptide. Fmax was, in turn, determined from

the double-reciprocal plot:

1=ΔF ¼ 1=ΔFmax þ Kd ΔFmax Cp & C0

! "! "
(2)

SEC-MALS

SEC-MALS experiments were performed with purified

untagged UBR7-PHD WT or mutant proteins using an

ÄKTA-MALS system (GE Healthcare). Some 200 μg of

protein was injected in a Superdex 200 10/300 GL column

(GE Healthcare) pre-equilibrated in 10 mM Tris (pH 7.5)

and 200 mM NaCl at a flow rate of 0.25 mL"min−1. Light

scattering was monitored using a DAWN system (Wyatt

Technology, Santa Barbara, CA, USA) and the concentra-

tion was measured using an Optilab differential refractome-

ter (Wyatt Technology). Molar masses of proteins were

calculated using ASTRA, version 7.3.2 (Wyatt Technology).

DFDNB-mediated cross-linking assay

Untagged UBR7-PHD WT and mutant proteins were puri-

fied in Hepes-Na (pH 7.5) buffer. Cross-linker DFDNB

(Thermo Scientific, Waltham, MA, USA) was dissolved in

DMSO at a concentration of 500 μM. DFDNB was added

to 5 μg of UBR7-PHD WT and mutant protein in cross-

linking buffer containing 20 mM Hepes-Na (pH 7.5) and

150 mM NaCl with a final concentration of 25 (1×) and 50

(2×) μM and the reaction mixture was quenched by adding

5 μL of 5 × Laemmli buffer and separated on a 15% SDS/

PAGE gel. The bands were visualized by Coomassie Bril-

liant blue staining.

CD spectroscopy

CD spectra were recorded using a J-815 spectropolarimeter

(Jasco, Tokyo, Japan) equipped with a Peltier temperature

control unit, which was set to 25 °C. Untagged UBR7-

PHD or RNF20 RING were pre-incubated on ice with

H2B C-terminal (114–125) peptide at the ratio 1 : 1 or

1 : 2. Far-UV CD spectra of the proteins with or without

the peptides were recorded from 195 to 250 nm at room

temperature using a 1-mm path quartz cuvette, a resolution

of 0.2 nm and a scan rate of 50 nm"min−1. Each spectrum

was the average of the three consecutive scans. CD spectra

of UbcH6c WT and its loop deletion mutants were

recorded similarly.

Cell culture

HeLa cells were grown and maintained in Dulbecco’s modi-

fied Eagle’s medium (Gibco) supplemented with 10% FBS

(Gibco, Amarillo, TX, USA), 1% antibiotic-antimycotic
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(Gibco) and 1% essential amino acid at 37 °C incubator

supplied with 5% CO2.

Gene overexpression

HeLa cells were either singly transfected with EGFP-UBR7

full-length construct or co-transfected with FLAG-UBR7

full-length or the deletion constructs using Lipofectamine

2000 (Invitrogen, Waltham, MA, USA) in accordance with

the manufacturer’s instruction. Cells were incubated at

37 °C with supply of 5% CO2. After 24 h of transfection,

cells were harvested for further experiments.

Co-immunoprecipitation and western blot
analysis

For the co-immunoprecipitation assay, previously estab-

lished protocols were followed [49]. Briefly, the cells were

resuspended in the cell lysis buffer containing 50 mM Hepes

(pH 7.5), 150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA,

1 mM EGTA, 1% Triton X-100, 0.5% sodium deoxycho-

late, 5% glycerol, 1 mM DTT and complete protease inhibi-

tor cocktail. They were incubated on ice for 1 h followed

by intermittent sonication. After centrifugation at 20 199 g

for 10 min at 4 °C, the lysates were subjected to pre-

clearing with normal sheep serum. The pre-cleared lysate

was incubated overnight with the EGFP antibody

(#A01704; GenScript, Piscataway, NJ, USA) followed by

incubating with Protein A Sepharose beads (GE Health-

care). The beads were washed thrice with the same buffer

after binding and samples were run on SDS/PAGE for

western blot analysis. Immobilon nitrocellulose membrane

(catalogue. no. HATF00010; Millipore) was used for trans-

fer of proteins with 20% methanol containing buffer for

120 min at 4 °C. Membranes were blocked in 5% BSA and

incubated with specific primary antibodies overnight at

4 °C. Blots were next washed thrice with 1 × Tris-buffered

saline containing 0.1% Tween-20 and incubated in anti-

rabbit (dilution 1 : 15 000) or anti-mouse (dilution

1 : 5000) horseradish peroxidase secondary antibody

(Bethyl Laboratories) for 1 h at room temperature. Blots

were developed after three more washes with 1 × Tris-

buffered saline containing 0.1% Tween-20 in a C400 Che-

miDoc imager (Azure Biosystems, Dublin, CA, USA) using

Super Signal West Pico Plus Chemiluminescent Substrate

(catalogue. no. 34580; Thermo Scientific).

Protein structural modelling

The X-ray structure of BPTF-PHD finger of NURF (PDB

ID: 2F6N) obtained from the RCSB Protein Data Bank

(https://www.rcsb.org/) was used as template for structural

modelling of the UBR7-PHD finger. The UBR7-PHD

amino acid sequence was threaded onto the structure using

the PHYRE2 algorithm [50]. The quality of the model

obtained in PHYRE2.0 was evaluated with the PROQ2 tool

[51]. The structural figures were created using PYMOL

(Schrödinger, LLC, New York, NY, USA). The two mono-

mers constituting the dimer were differentially coloured

and the amino acid residues potentially involved in dimer-

ization were highlighted.

MALDI-TOF mass spectrometry analysis

Samples from UBR7-PHD mediated multi-turnover ubiqui-

tination assays using thrombin cleaved ubiquitin with H2B

C-terminal WT and K120 mutant peptides were spotted in

triplicate on a MTP 384 BC target and mass analysis was

performed using a 4700 Proteomics Analyzer with TOF/

TOF optics (Applied Biosystems, Waltham, MA, USA) in

reflector mode using a saturated solution of CHCA (α-
cyano-4-hydroxycinnamic acid) in 50% acetonitrile and

0.1% trifluoroacetic acid. Analysis of the peaks in the

range of 8.5–11 kDa was performed using PEAK EXPLORER

(Agilent Technologies, Santa Clara, CA, USA). Prominent

peaks were annotated and compared to the expected molec-

ular weight of ubiquitin and ubiquitinated peptides for con-

sistency with the observed molecular weight of the proteins

obtained.
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ARTICLE

Atypical plant homeodomain of UBR7 functions as
an H2BK120Ub ligase and breast tumor suppressor
Santanu Adhikary1,2, Deepavali Chakravarti3,4, Christopher Terranova3, Isha Sengupta1, Mayinuer Maitituoheti3,
Anirban Dasgupta2, Dushyant Kumar Srivastava2, Junsheng Ma5, Ayush T. Raman3, Emily Tarco6,
Aysegul A. Sahin7, Roland Bassett5, Fei Yang6, Coya Tapia7, Siddhartha Roy2, Kunal Rai3 & Chandrima Das1

The roles of Plant Homeodomain (PHD) fingers in catalysis of histone modifications are

unknown. We demonstrated that the PHD finger of Ubiquitin Protein Ligase E3 Component

N-Recognin7 (UBR7) harbors E3 ubiquitin ligase activity toward monoubiquitination of histone

H2B at lysine120 (H2BK120Ub). Purified PHD finger or full-length UBR7 monoubiquitinated

H2BK120 in vitro, and loss of UBR7 drastically reduced H2BK120Ub genome-wide binding

sites in MCF10A cells. Low UBR7 expression was correlated with occurrence of triple-negative

breast cancer and metastatic tumors. Consistently, UBR7 knockdown enhanced the inva-

siveness, induced epithelial-to-mesenchymal transition and promoted metastasis. Conversely,

ectopic expression of UBR7 restored these cellular phenotypes and reduced tumor growth.

Mechanistically, UBR7 loss reduced H2BK120Ub levels on cell adhesion genes, including

CDH4, and upregulated the Wnt/β-Catenin signaling pathway. CDH4 overexpression could

partially revert UBR7-dependent cellular phenotypes. Collectively, our results established

UBR7 as a histone H2B monoubiquitin ligase that suppresses tumorigenesis and metastasis of

triple-negative breast cancer.
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Breast cancer is the most common cause of cancer mortality
in female individuals. The heterogeneity of the disease
poses immense challenges in deciphering therapeutic stra-

tegies1. The hormone receptor-negative or triple-negative subtype
has the worst prognoses due to the lack of targeted therapies2,3.
Although accumulation of genetic defects has been involved in
the development of oncogenesis, epigenetic abnormalities play a
significant role in the initiation, progression, and metastasis of the
disease4. Specifically, epithelial-to-mesenchymal transition
(EMT), which preludes the onset of metastasis5,6, is thought to be
driven by epigenetic alterations7,8. Primarily, histone modifica-
tions, which include methylation, acetylation, and ubiquitination,
play crucial roles in maintaining homeostasis, failure of which
may lead to disease initiation or progression9. Importantly, breast
cancer cases with worse prognoses have lower levels of H3K18Ac,
H4K12Ac, H3K4Me2, H4K20Me3, and H4R3Me2 marks9,10.

Monoubiquitination at lysines on histones H2A and H2B have
an antagonistic relationship in oncogenesis11–14. In contrast with
polyubiquitination, which marks the protein for its proteasome-
mediated degradation, monoubiquitination of histone H2B plays
key roles in transcription memory and elongation, DNA damage
response, viral infection, stem cell differentiation, and
oncogenesis15,16. The E3 ligases for H2B monoubiquitination,
RNF20 and RNF40, are reported to act as potent tumor sup-
pressors, regulate DNA double-stranded break repair, and mod-
ulate stem cell differentiation14,17,18.

The ubiquitin protein ligase E3 component N-recognin (UBR)
family of mammalian E3 ligases containing seven members
(UBR1–UBR7) is characterized by a 70-residue zinc finger-type
UBR-box domain, which is essential for recognition of the N-
degrons19–21. Despite harboring a UBR-box, UBR3, UBR6, and
UBR7 do not bind to N-degrons. Although the members of the
UBR family of proteins are generally heterogeneous in size and
sequence, they harbor specific signatures unique to ubiquitin
ligases or a substrate-recognition subunit of the E3 complex like
the RING/HECT (really interesting new gene/homologous to the
E6AP carboxyl terminus) domain or F-box21,22. A RING domain
is present in UBR1, UBR2, and UBR3, a HECT domain is present
in UBR5, and an F-box is present in UBR6. Of note, UBR7 has
evolved with a plant homeodomain (PHD) finger, which is a
putative chromatin-binding module, not present in any other
UBR family proteins. Although the PHD finger is well char-
acterized as a reader of methylated, acetylated, or unmodified
histones23, its role in enzymatic catalysis is not known. Further-
more, little is known about the role of UBR7 in carcinogenesis. In
the present study, we demonstrated that the UBR7-PHD finger is
an H2BK120 monoubiquitin ligase and a tumor suppressor in
triple-negative breast cancer cases.

Results
UBR7-PHD monoubiquitinates histone H2B lysine 120
in vitro. UBR7, a protein with an unknown function, contains a
UBR-box domain, which is essential for the recognition of N-
degrons20–22, and a PHD finger (Fig. 1a), which is highly con-
served across species (Supplementary Fig. 1a). Although the
sequence alignment of the UBR7-PHD finger (which is stabilized
by zinc ion coordination in a cross-braced topology) with other
well-characterized H3K4Me3 or H3K4Me0 binders exhibited
several conserved residues, it displayed weak interaction with
trimethylated histone peptides (Supplementary Fig. 1b–f).
Although full-length UBR7 protein interacted with all recombi-
nant histones in vitro, the PHD finger preferentially interacted
with recombinant histone H2B (Fig. 1b) and could also immu-
noprecipitate them from MCF10A cells (Supplementary Fig. 1g).
Sequence alignment of the UBR7-PHD with other classical RING

finger-E3 ubiquitin ligases indicated that zinc-coordinating
His163 and His166 are unique in contrast to the other RING
fingers (Supplementary Fig. 1b). Site-directed mutagenesis of
H163S/H166S of the UBR7-PHD did not significantly compro-
mise its association with histone H2B at various levels of orga-
nization (Fig. 1c). We observed similar results during
immunoprecipitation assays from HEK293T cells (Fig. 1d).
However, mutation of lysine 120 to arginine (K120R) in histone
H2B abrogated its binding preference for UBR7 as observed
through immunoprecipitation assays (Fig. 1e). Based on the zinc
coordination fold similarity between the RING and the PHD
finger, we hypothesized that UBR-PHD function as an E3 ubi-
quitin ligase for histone H2B substrate. Purified recombinant
UBR7 full-length wild-type protein (UBR7-WT), full-length
H163S/H166S catalytic-mutant (UBR7-CM), or individual
domains (UBR or PHD) were incubated in the presence of an E1
ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme
(UbcH6), ATP, inorganic pyrophosphatase, and biotin-tagged
ubiquitin. UBR7-WT and the PHD finger alone could mono-
ubiquitinate purified H2B, H2A/H2B dimer, core histone octa-
mers, and purified nucleosomes (Fig. 1f, g and Supplementary
Fig. 1h–k), in contrast with the other E3 ubiquitin ligases, which
usually act in complex24–26. On the other hand, UBR7-CM failed
to promote H2B ubiquitination (Fig. 1f, g and Supplementary
Fig. 1j–o). Thus, our results demonstrated the E3 ubiquitin ligase
function of UBR7 toward monoubiquitination of histone H2B
in vitro.

UBR7 regulates H2BK120Ub levels ex vivo. Next, we sought to
determine whether UBR7 regulates H2BK120Ub in mammalian
cells. We observed lower UBR7 levels in human and murine
breast cancer cells than in their “normal” counterparts. For
example, UBR7 messenger RNA (mRNA) transcript and protein
levels were lower in MCF7, T47D, MDA-MB-231, and MDA-
MB-468 cells than in MCF10A and MCF12A cells (Fig. 2a and
Supplementary Fig. 2a). We observed similar patterns in 21PT
and 21MT2 compared to 16N (human) and 4T07 compared to
4T1 (murine) cells (Supplementary Fig. 2b-e). Genetic depletion
of UBR7 by two different short hairpin RNAs (shRNAs) in
MCF10A and MCF12A cells led to a dramatic reduction in global
H2BK120Ub levels (Fig. 2b and Supplementary Fig. 2f, g).
Importantly, the reduction caused by UBR7-shRNA was rescued
by UBR7-WT, but not by UBR7-CM (Fig. 2c and Supplementary
Fig. 2h). Consistently, UBR7-WT, but not UBR7-CM, increased
H2BK120Ub levels in the MDA-MB-231 and MDA-MB-468
breast cancer cells (Fig. 2d, e and Supplementary Fig. 2h).

To examine changes in H2BK120Ub genome wide, we
performed chromatin immunoprecipitation sequencing (ChIP-
seq) of H2BK120Ub in control and UBR7-knockdown MCF10A
cells. UBR7-knockdown cells had a drastically lower number of
H2BK120Ub binding sites (1079) compared to control cells (8401)
(Fig. 2f and Supplementary Data 1), which was verified by ChIP-
quantitative polymerase chain reaction (qPCR) (Fig. 2g). Similarly,
the intensity of H2BK120Ub enrichment was drastically reduced as
demonstrated by average density plots and verified by ChIP-qPCR
for selected genes (Fig. 2h, i and Supplementary Fig. 2i, j).

To analyze the impact of UBR7-mediated H2BK120Ub on the
chromatin landscape, we also performed ChIP-seq for histone
modifications H3K79Me2 (transcription), H3K4Me3 (promo-
ters), H3K4Me1 (enhancers), H3K27Ac (active enhancers),
H3K27Me3 (polycomb-repressed), and H3K9Me3 (heterochro-
matin)27. Consistent with prior reports, we noted a loss of
H3K79Me2 on H2BK120Ub gene targets upon UBR7 knockdown
(Fig. 2j). Identification of chromatin state transitions between
control and UBR7-depleted cells using the ChromHMM
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algorithm in a 10-state model (Fig. 2k; see Methods) indicated
that H2BK120Ub was primarily present in conjunction with
H3K79Me2. Also, the most potent transitions were from highly
transcribed states in control cells to low/non-transcribed states in
UBR7-depleted cells (States 1 to 5, States 2 to 4 or 1, States 3 to 5,
and States 4 to 6) (Fig. 2k, l). Overall, these experiments identified
UBR7 as an E3 ubiquitin ligase in vivo and demonstrated the
importance of UBR7 in maintaining specific chromatin patterns
in cells.

Next, we defined the relative impact of UBR7 and other two
known H2BK120Ub E3 ligases, RNF20 and RNF40, on its levels
and genomic distribution. Knockdown of all the three E3s, UBR7,
RNF20, and RNF40, separately in MCF10A cells led to significant
reduction of total H2BK120Ub levels (Supplementary Fig. 3a).
Direct comparison between ChIP-seq profiles for H2BK120Ub
showed drastic losses at 10,919 sites in UBR7-deficient,
11,005 sites in RNF20-deficient, and 11,069 sites in RNF40-
deficient cells (Supplementary Fig. 3b–g). Sites that lose
H2BK120Ub upon individual knockdown of each of these
enzymes significantly overlapped (Supplementary Fig. 3h–m),
suggesting cooperative interaction between UBR7, RNF20, and
RNF40 and requirement of all three proteins for maintenance of
H2BK120Ub levels in the cell.

Low UBR7 is associated with triple-negative breast cancer.
Next, to further explore UBR7’s biological function, we examined

its expression in The Cancer Genome Atlas Group (TCGA)
breast cancer mRNA expression data28. This analysis revealed
reduced UBR7 expression in triple-negative and basal-like breast
tumors (Fig. 3a), which was confirmed in an independent cohort
of breast cancer tissue microarrays (TMAs) containing 371 breast
tumors using a UBR7-specific antibody (Supplementary Fig. 4a
and Supplementary Data 2). We found that lower levels of UBR7
correlated significantly with triple-negative status (Fig. 3b) and
individual estrogen receptor (ER) status and progesterone
receptor (PR) status (Fig. 3c, d and Supplementary Data 2). Also,
metastatic intraductal carcinomas harbored considerably lower
levels of UBR7 than did primary tumors (Fig. 3e, f). Furthermore,
UBR7 was associated with a better metastasis-free survival rate in
the aggressive basal-type breast cancer (mesenchymal subtype
tumors without endocrine therapy) (Supplementary Fig. 4b).

UBR7 acts as tumor metastasis suppressor gene. A series of
loss-of-function and gain-of-function experiments established the
role of UBR7 as a tumor and metastasis suppressor gene.
Reduction of UBR7 in MCF10A and MCF12A cells increased
two-dimensional (2D) proliferation drastically (Fig. 3g and Sup-
plementary Fig. 4c), as well as expression of the proliferation
markers Ki-67 , PCNA, and MCM2 29 (Fig. 3h–j and Supplemen-
tary Fig. 4d). Overexpression of UBR7-WT and not UBR7-CM
reversed the increased proliferation observed in UBR7-
knockdown MCF10A cells (UBR7-sh1) (Fig. 3k) and the
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Fig. 1 UBR7 is a histone H2B ubiquitin ligase. a Schematic of the domain organization of UBR7. b Immunoblots showing the in vitro interaction of purified
UBR7 with recombinant histones H3, H4, H2B, and H2A. c Interaction of UBR7 full-length wild-type (WT) or catalytic-mutant (CM) with recombinant H2B,
H2A/H2B dimer, core octamer, or purified nucleosomes from HeLa cells. d Ex vivo interaction of H2B with UBR7 WT or CM in HEK293T cells. e Ex vivo
interaction of UBR7 with H2B WT or H2B mutant (K120R) in HEK293T cells. f, g In vitro ubiquitination assay with recombinant H2B (f), or purified
nucleosomes from HeLa cells (g)
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expression of associated proliferation markers (Fig. 3l and Sup-
plementary Fig. 4e, f). Similarly, overexpression of UBR7-WT,
but not UBR7-CM, in MDA-MB-231 and MDA-MB-468, two
basal-like breast cancer cells that express UBR7 at low levels,
dramatically reduced 2D proliferation (Supplementary Fig. 4g, h).
Next, we examined three-dimensional (3D) soft agar colony
growth of UBR7-depleted MCF10A cells in vitro and found

substantially higher numbers of colonies as well as bigger colonies
in UBR7-depleted cells than in control (Fig. 4a, b). Importantly,
the impact of wild-type derivatives in the 3D growth assay in
MDA-MB-231 cells was abrogated by UBR7-CM (Fig. 4c, d).
Overexpression of UBR7-WT and not UBR7-CM abrogated
mammary fat pad tumor formation in vivo (Fig. 4e, f). Addi-
tionally, immunohistochemical analysis of the proliferation
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marker Ki-67, tumors derived from mice, confirmed the anti-
proliferative role of UBR7-WT, but not UBR7-CM (Fig. 4g).
These results supported a tumor-suppressive role for UBR7 in
breast cancer.

Consistent with a metastasis-suppressive role for UBR7 and its
lower levels in metastatic tumors, UBR7-WT overexpressing
MDA-MB-231 cells, but not UBR7-CM-overexpressing MDA-
MB-231 cells, were unable to seed to the lung upon intravenous
injection, whereas control cells formed overt lung metastases
(Fig. 4h). Consistently, UBR7 loss in MCF10A cells enhanced
invasion in a Matrigel chamber (Fig. 4i, j) and migration in a
scratch assay (Fig. 4k, l and Supplementary Fig. 5a, b).
Importantly, these phenotypes were rescued by overexpression
of UBR7-WT, but not UBR7-CM, in MCF10A UBR7-sh1 cells
(Fig. 4m–p), as well as in MDA-MB-231 and MDA-MB-468 cells
(Supplementary Fig. 5c–h). Overall, these results establish the
tumor- and metastasis-suppressive functions of UBR7 in triple-
negative breast cancer.

UBR7 suppresses EMT. To gain insight into the molecular
mechanism of these observations, we performed transcriptomic
profiling of MCF10A cells harboring control and UBR7-specific
shRNA using RNA-sequencing (RNA-seq) and identified 2348
up-regulated and 2576 downregulated genes (Fig. 5a, Supple-
mentary Fig. 6a, b and Supplementary Data 3). We verified a
subset of these genes using individual qPCR experiments (Sup-
plementary Fig. 6c, d). Consistent with the cellular phenotypes,
the misregulated genes exhibited enrichment in Cadherin and
invasive breast cancer signatures (Fig. 5b, Supplementary Data 4
and Table 1). Importantly, we noted that UBR7-low (shRNA
harboring) cells had characteristics of epithelial-to-mesenchymal

transition (EMT), a cellular process typically associated with
breast cancer metastasis5, as judged by loss of expression of
epithelial markers (CDH1, CLDN1, CLDN7 , and CYTK18 ) and
gain of expression of mesenchymal markers (CDH2 , ZEB1,
SNAI1, SNAI2 , TWIST, VIM)6,30 in qPCR, western blot, and
immunofluorescent analyses (Fig. 5c–f and Supplementary
Fig. 7a–c). Overexpression of UBR7-WT in MCF10A UBR7-
shRNA harboring cells (UBR7-sh1) rescued the expression of
these markers, whereas UBR7-CM did not (Fig. 5g–i). Similarly,
overexpression of UBR7-WT, but not UBR7-CM, reduced the
expression of mesenchymal markers and induced the expression
of epithelial markers in MDA-MB-231 and MDA-MB-468 cells
(Fig. 5j, k and Supplementary Fig. 7d–g). Therefore, our results
indicated that loss of UBR7 promotes EMT, a phenomenon
thought to precede metastasis.

UBR7 suppresses EMT through activation of CDH4. To define
the UBR7 gene targets that may drive the observed pheno-
types, we overlapped sites that harbored loss of H2BK120Ub in
UBR7-knockdown cells using ChIP-seq (7846, p < 1e−8) with
differentially expressed genes (4924; p < 0.01; fold change >1.5)
and found that H2BK120Ub targeted 318 downregulated and
117 up-regulated genes (Fig. 6a, Supplementary Fig. 8a, b, and
Supplementary Data 5). Several such genes were enriched in
cell–cell adhesion processes (Supplementary Data 6) including
cadherins such as CDH4 and CDH13 (Fig. 6b and Supple-
mentary Fig. 8c–e). CDH4 (or R-cadherin) is suggested to play
important roles in suppressing invasion of basal-type breast
cancer31. Furthermore, CDH4 expression exhibited consistent
patterns to UBR7 in matched “normal” and “malignant” breast
cancer cell lines (Fig. 6c and Supplementary Fig. 8f). Impor-
tantly, we detected UBR7 occupancy in CDH4 locus in control
MCF10A cells using ChIP-qPCR as well as rescue of
H2BK120Ub levels in MCF10A UBR7-sh1, MDA-MB-231, and
MDA-MB-468 cells by overexpression of UBR7-WT, but not
UBR7-CM (Figs 2g, 6d–f). Next, we sought to determine
whether CDH4 was in part responsible for anti-invasive phe-
notypes of UBR7. Overexpression of CDH4 in MCF10A and
MCF12A UBR7-sh1 cells drastically reduced cellular invasion,
migration, proliferation, and suppressing EMT, and estab-
lished an epistatic relationship between UBR7 and CDH4
(Fig. 6g–m and Supplementary Figs 8g–j, 9a,b). Similarly,
CDH4 overexpression drastically reduced the invasive prop-
erties of both MDA-MB-231 and MDA-MB-468 cells (Sup-
plementary Fig. 9c–i). Overall, our results indicated that
functional loss of UBR7 can be restored by cell–cell adhesion
genes like CDH4 .

Fig. 2 UBR7 is downregulated in invasive breast cancer cells. a Immunoblots of MCF10A, MCF7, T47D, MDA-MB-231, and MDA-MB-468 cells to monitor
expression of UBR7, H2BK120Ub, and H2B. ACTIN was used as a loading control. b Immunoblots for UBR7, H2BK120Ub, H2B, and ACTIN (loading control)
in MCF10A cells expressing scrambled (SCR), UBR7-sh1, or UBR7-sh2 shRNA. c–e Immunoblots for UBR7, H2BK120Ub, H2B, and ACTIN (loading control)
in MCF10A UBR7-sh1 (c), MDA-MB-231 (d), and MDA-MB-468 (e) cells expressing wild-type (UBR7-WT) and catalytic-mutant (UBR7-CM) UBR7.
ACTIN was used as a loading control. f Venn diagram showing overlap of total H2BK120Ub binding sites in Control (SCR) and UBR7-sh1-expressing
MCF10A cells. g Bar plot for quantitative PCR (qPCR) enrichment of UBR7 chromatin immunoprecipitation (ChIP) in MCF10A cells for selected genes.
GAPDH was used as a negative control. h Average genebody density plot for H2BK120Ub binding sites in Control (SCR) and UBR7-sh1-expressing MCF10A
cells. i Bar plot for qPCR enrichment of H2BK120Ub ChIP in MCF10A cells expressing SCR or UBR7-sh1. GAPDH was used as a negative control. jAverage
genebody density plot for H3K79me2 binding sites in Control (SCR) and UBR7-sh1-expressing MCF10A cells. k Emission parameter for a 10-state
chromatin state model called by the default parameters of ChromHMM. States in the left column were annotated based on their closeness to the nearest
transcription start sites (TSS) and nature of constituent marks. l Overlap enrichment analysis displaying chromatin state transitions between MCF10A
control (SCR) cells (Y-axis) and MCF10A UBR7-sh1 cells (X-axis). The most significant state transitions include losses of H2BK120Ub/H3K79me2 low
(States 1 to 5), H2BK120Ub/H3K79me2 high (States 2 to 1 or 3) and H3K79me2 only (States 3 to 5), which are highlighted by red circles. In g, i, error bars
indicate standard deviation (s.d.); n= 3 technical replicates of a representative experiment (out of three experiments). P values were calculated using two-
tailed t tests. *P < 0.05; **P < 0.001

Table 1 Five chosen GO terms from DAVID on differentially
expressed genes in UBR7-knockdown MCF10A cells (FDR
<0.01; FC >2)

GO TERM FDR

GO:0006414~ translational elongation 2.0E−43
GO:0007049~ cell cycle 5.3E−16
GO:0007155~ cell adhesion 1.3E−05
GO:0031497~ chromatin assembly 5.8E−05
GO:0016126~ sterol biosynthesis process 1.5E−03

DAVID Database for Annotation, Visualization and Integrated Discovery, GO gene ontology, FC
fold change, FDR false discovery rate
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UBR7 silencing activates Wnt/β-catenin signaling. The Wnt/β-
catenin signaling pathway is deregulated in several cancers,
including breast cancer32. It promotes tumor initiation, main-
tenance and metastasis32. We observed activation of the canonical
Wnt/β-catenin signaling cascade upon loss of UBR7 as evident
from the upregulation of key positive regulators including
WNT3A, FZD2/3, LRP5/6, ROR2, and DSH2, and down-
regulation of negative regulators such as DKK1 (Fig. 7a, b and
Supplementary Fig. 9j). Activation of the signaling pathway was
further confirmed by nuclear localization of β-catenin upon loss
of UBR7 (Fig. 7c). This could serve as a mechanism downstream

of CDH4 as other cadherins, such as CDH1, are known to reg-
ulate Wnt signaling33,34. Indeed, restoration of CDH4 altered the
nuclear localization of β-catenin to the cytoplasm and down-
regulated known β-catenin target genes including AXIN2 ,
CCND1, C-MYC, COX2 , and MMP7 (Fig. 7d–f and Supplemen-
tary Fig. 9k), thereby maintaining the epithelial state of the cell.
Cytoplasmic fraction of β-catenin is phosphorylated by glycogen
synthase kinase 3β (GSK3β), which marks the protein for
β-transducin repeat-containing protein (β-TrCP) mediated pro-
teasomal degradation in the absence of an activating ligand for
the signaling pathway. Thus, we examined the association of
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Fig. 3 UBR7 inhibits breast cancer cell proliferation. a Heatmap showing that UBR7 expression is downregulated in triple-negative or basal-type breast
cancer (analysis of data from TCGA database). Green and red indicates down- and up-regulated, respectively. b–d Immunohistochemical analysis
representing low UBR7 expression analyzed in triple-negative (b), estrogen receptor (ER)-negative (c), and progesterone receptor (PR)-negative (d) breast
tumors. e, f Representative images of primary and metastatic invasive breast carcinoma showing UBR7 expression as analyzed immunohistochemically.
Scale bar indicates 20 µm. g Proliferation of MCF10A cells expressing scrambled (SCR) or UBR7 (UBR7-sh1/UBR7-sh2) short hairpin RNAs (shRNAs).
h, i Quantitative real-time PCR (qRT-PCR) analysis of Ki-67 (h) and PCNA (i) from cultured MCF10A cells expressing SCR or UBR7 (UBR7-sh1/UBR7-sh2)
shRNAs in a time-dependent manner. jImmunoblots of MCF10A cells expressing SCR or UBR7-shRNAs to monitor expression of Ki-67 and PCNA. ACTIN
was used as a loading control. k Proliferation of cultured MCF10A UBR7-sh1 cells expressing a vector (VECTOR), WT (UBR7-WT), or catalytic-mutant
(UBR7-CM). l qRT-PCR analysis of Ki-67 in MCF10A UBR7-sh1 cells expressing vector (VECTOR), wild-type (UBR7-WT), or CM (UBR7-CM) in a time-
dependent manner. In all panels, error bars indicate standard deviation (s.d.); n= 3 technical replicates of a representative experiment (out of three
experiments). P values were calculated using two-tailed t tests. *P < 0.05; **P < 0.001; ***P < 0.0001
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β-catenin with this degradation complex in the absence of UBR7.
We found a weak association of this degradation complex, which
includes GSK3β and β-TrCP with β-catenin in the absence of
UBR7, indicating escape of β-catenin from the degradation

pathway, and entry into the nucleus, thereby activating its target
genes (Fig. 7g). Overall, our results demonstrated that UBR7 loss
activates the Wnt/β-catenin signaling pathway, which is inhibited
upon CDH4 restoration.
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Discussion
PHD fingers are structurally conserved chromatin-binding
modules present in proteins that are associated with chromatin
and regulate gene transcription35. The versatile function of a
PHD finger as an epigenome reader promotes the recruitment of
multi-protein complexes to change the chromatin structure,
thereby augmenting transcription (initiation, elongation, and
termination) or its repression35. A PHD finger fold consists of a
C-terminal α-helix and two strands of anti-parallel β-sheet, with a
conserved Cys4-His-Cys3 motif in a cross-brace topology, which
anchors two zinc atoms36. PHD fingers are well known for
reading methylated H3 lysine 4 or unmethylated N-term tail of
H3, with a few exceptions. The RING finger, which is well
characterized for its E3 ubiquitin ligase activity, and has a Cys3-
His-Cys4 motif organization, is reciprocal to the PHD finger37.
The UBR7-PHD finger, on the other hand, has a unique motif
organization (Cys4-His2-Cys2) different from that of a canonical
PHD or RING finger and hence can be considered as an “aty-
pical” PHD finger. We report here an E3 ubiquitin ligase activity
by a PHD finger of UBR7 toward histone H2B at lysine 120. Of
note, in comparison with other E3 ubiquitin ligases, which act in
a complex25, UBR7 can promote enzymatic catalysis in isolation.
Indeed, mutating the two His residues, which is instrumental to
anchoring the zinc coordination complex, abrogates the catalytic
activity. Structural studies will provide more insight into the
molecular mechanism of H2BK120Ub catalysis by this atypical
domain. Also, a detailed investigation of its reader function could
provide more insight into the role of the UBR7-PHD finger in
cellular context.

UBR7 loss not only drastically reduced H2BK120Ub but also
significantly reduced H3K79Me2 without much effect on
H3K4Me3, H3K27Ac, H3K27Me3, and H3K9Me3. This was
intriguing because several studies have suggested that
H2BK120Ub marked nucleosomes act as templates for DOT1L
and SET/COMPASS complexes for making H3K79Me2 and
H3K4Me3, respectively38–40. Interestingly, in the chromatin
state analyses, cells with UBR7 loss also harbored changes in
transcription states that had predominance of H3K79Me2.
Since H3K79Me2 mark is linked with transcriptional elonga-
tion and observed on genes that are being actively transcribed,
we propose that UBR7 may play important roles in transcrip-
tional elongation. Further biochemical studies focusing on
isolation of UBR7 protein complexes or identification of
interacting partners will be needed to determine its exact
function in this process, if any.

Importantly, we found UBR7 loss to be highly correlated with
triple-negative and basal-like breast cancer. Although the mole-
cular features that define triple-negative breast cancer (loss of ER,
PR, and Her2 expression) are clear, ambiguity exists in the defi-
nition of basal-like cancers. UBR7 loss may be a key determining

feature of this aggressive subtype of breast cancer. Notably, we
established that UBR7 can suppress breast tumor formation and
metastasis in vivo. One possibility of such an event is through
UBR7’s prevention of a “self-seeding” event, in which local
invading cancer cells lead to tumor formation via fusion of pro-
pagating colonies41. Also, it is difficult to determine the relative
contribution of proliferative versus invasive role for UBR7 in its
pro-metastatic function. Overall, UBR7 loss may be a predictive
biomarker and provide specific vulnerabilities to epigenetic
inhibitors given its drastic impact on chromatin states. Further-
more, given the substantial impact of UBR7 on maintenance of
the epithelial state and inhibition of the plasticity of a cell,
determining its role in suppression of other malignancies requires
further investigation.

We demonstrated that CDH4/R-cadherin is a major target
downstream of UBR7. Cadherins are crucial in the maintenance
of cell boundary, tissue morphogenesis, and cell polarity42, and
aberrant function may lead to severe metastatic neoplasia33.
Whereas UBR7 loss promotes breast tumor metastasis, CDH4
overexpression provides only a partial rescue of such phenotypes.
CDH4 was found to be highly expressed in mammary epithelial
cells, but severely down-regulated in invasive ductal carcinoma31.
Moreover, due to heterogeneity of cancer cells, CDH4 was absent
in those cells that were poorly differentiated31. Although we
showed that UBR7 prevents metastatic colonization and represses
genes that are crucial for breast cancer metastasis by targeting
CDH4, other downstream pathways and target genes may also
have important roles. For example, other proteins, such as
integrins and cytokines, have already demonstrated roles in breast
cancer etiology and metastasis43.

Our results indicate that CDH4 may control β-catenin sig-
naling in a manner similar to E-cadherin-mediated control of
β-catenin signaling, which is well documented to play impor-
tant roles in metastasis. Loss of E-cadherin leads to β-catenin
release from the cell surface, resulting in escape from the β-
TrCP-mediated degradation pathway, and thereby promoting
its nuclear localization and activation of target genes32,34,44. In
UBR7-depleted cells, Wnt/ β-catenin signaling was one of the
top misregulated pathway, and overexpression of CDH4
downregulates Wnt signaling in UBR7-depleted cells by rein-
stating β-catenin to the cell membrane and reducing the nuclear
pool. In addition, we observed that several other Wnt signaling
regulators (such as WNT3A, FZD2/3, LRP5/6, ROR2, DSH2,
and DDK1) were transcriptionally controlled by UBR7, strongly
suggesting that UBR7 is a key mediator of the Wnt/β-catenin
signaling cascade. Collectively, our results demonstrated that
UBR7 is a H2B E3 ubiquitin ligase that suppresses triple-
negative subtype of breast cancer by activating CDH4/R-cad-
herin expression and inhibiting the canonical Wnt/β-catenin
signaling pathway.

Fig. 4 UBR7 acts as tumor metastasis suppressor gene. a–d Soft agar assay with MCF10A cells expressing scrambled (SCR) or UBR7-shRNAs (UBR7-sh1 or
-sh2) (a, b) or with MDA-MB-231 cells expressing vector (VECTOR), wild-type (UBR7-WT), or catalytic-mutant (UBR7-CM) (c, d). e, f Tumor formation
in mice injected into mammary fat pad with MDA-MB-231 cells expressing an empty vector (VECTOR) or WT (UBR7-WT) or CM (UBR7-CM). n= 5 mice
per group. g Immunohistochemistry (IHC) for proliferation marker Ki-67 in tumors derived from control cells versus UBR7-WT- or UBR7-CM-
overexpressing cells. Image was taken at ×20 magnification. Scale bar indicates 50 µm. h Tumor metastasis in mice injected into tail vein with MDA-MB-
231 cells expressing empty vector (VECTOR) or WT (UBR7-WT) or CM (UBR7-CM). n= 4 mice per group. i, jInvaded MCF10A cells expressing
scrambled (SCR) or UBR7-shRNAs in a Matrigel chamber were photographed and counted. k, lWound healing/migration rate of MCF10A cells expressing
scrambled (SCR) or UBR7-shRNAs was monitored. m, n Invaded MCF10A UBR7-sh1 cells expressing WT (UBR7-WT) or CM (UBR7-CM) in a Matrigel
chamber were photographed and counted. o, p Wound healing/migration rate of MCF10A UBR7-sh1 cells expressing WT (UBR7-WT) or CM (UBR7-CM)
was monitored. In a, c, i, k, m, o scale bar indicates 10 µm. In b, d, j, l, n, and p, error bars indicate standard deviation (s.d.); n= 3 technical replicates of a
representative experiment (out of three experiments). In f, error bars indicate standard deviation (s.d.); n= 5 mice per group. P values were calculated
using two-tailed t tests. *P < 0.05; **P < 0.001; ***P < 0.0001
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Methods
Cell lines and cell culture. HEK293T cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal bovine serum
(FBS; Gibco) and 1% antibiotic–antimycotic (Gibco) at 37 °C and 5% CO2.
MCF10A and MCF12A cells were maintained in DMEM/Ham’s F12 supplemented
with 5% horse serum (Gibco), epidermal growth factor (EGF), insulin, hydro-
cortisone, cholera toxin (Sigma), and 1% antibiotic–antimycotic. MDA-MB-231,
MDA-MB-468, MCF7, and T47D cells were maintained in RPMI-1640 medium
(Gibco) supplemented with 10% FBS, insulin, and 1% antibiotic–antimycotic. All
cell lines were purchased from ATCC. 16N, 21PT, and 21MT2 (provided by R.
Weinberg, Whitehead Institute, Massachusetts Institute of Technology) were
maintained in DMEM supplemented with 10% FBS, insulin, hydrocortisone, EGF,

and 1% antibiotic–antimycotic. 4T1 and 4T07 (provided by R. Weinberg) were
maintained in DMEM/Ham’s F12 medium supplemented with 10% FBS, insulin,
hydrocortisone, and 1% antibiotic–antimycotic. All cell lines used in the study were
negative for mycoplasma. All cell lines were validated by MD Anderson Cancer
Center Characterized Cell line core facility via DNA fingerprinting. For transient
transfection, cells were counted and seeded in 12-well or 6-well or 6-cm dishes and
then subjected to overexpression using Lipofectamine-2000 (Invitrogen) as per the
manufacturer’s protocol.

Protein purification. The full-length UBR7 complementary DNA (cDNA)
sequence, UBR domain alone, or PHD finger alone was cloned in a pDEST15
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vector (GATEWAY cloning system, Invitrogen) and sequence verified. The protein
used in in vitro assays were purified as described previously45. Briefly transformed
cells were grown till 0.8 optical density (OD) and induced with 1 mM isopropyl β-
D-1-thiogalactopyranoside (Sigma) at 20 °C for 16 h. The pellets were resuspended
in lysis buffer and lysed mildly followed by glutathione sepharose beads binding
and washing with wash buffer. The proteins were eluted and purified further to
homogeneity via gel filtration chromatography using a Superdex75 column (GE
Healthcare). CM derivative (H163S/H166S) were generated using a QuikChange
site-directed mutagenesis kit (Stratagene) as per the standard protocol46.

Nucleosome isolation. Nucleosomes were prepared freshly from HeLa cells as
described previously45. Briefly, the nuclear pellet from HeLa cells was digested with
MNase (0.2 Units/µl; Sigma) and extracted with TE buffer for 1 h. The mono-
nucleosome was separated via sucrose gradient (5–40%) ultracentrifugation using
Sorvall WXUltra100 (Thermo Fischer Scientific) with AH650 rotor for 16 h at
207,203 × g. For further analysis, these fractions were pooled and concentrated.

In vitro ubiquitination assay. In vitro ubiquitination reactions were set up with
purified UBR7-PHD, UBR7-WT, or UBR7-CM (H163S/H166S) as E3 enzymes and
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recombinant H2B, H2A/H2B dimer, core histones octamer, or purified nucleosome as
a substrate using Ubiquitinylation kit (Cat #: BML-UW9920, Enzo Life Sciences) as
per the manufacturer’s protocol. Briefly, the reaction was carried out in ubiquitiny-
lation buffer containing 100 U/ml inorganic pyrophosphatase, 1 mM dithiothreitol
(DTT), and 5mM EDTA (negative control). 2.5 µM of ubiquitin (biotinylated) was
incubated with 100 nM E1, 2.5 μM E2 (for UBR7, UbcH6 acts as the E2), 5mM Mg-
ATP, and 100 nM E3 along with 1 μM substrate at 37 °C for 1 h. The reaction was
stopped, and trichloroacetic acid precipitation was performed and analyzed via wes-
tern blotting with antibodies against H2BK120Ub, H2B, H2A, H3, and H4 antibodies.

Peptide pull-down assay. A peptide pull-down assay was performed as described
previously45. Briefly, equivalent amounts of peptides and protein were incubated in
immunoprecipitation (IP) buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05%

NP-40, 1 mM DTT). The complex was pulled down with streptavidin beads,
washed with the IP buffer, and eluted and analyzed using western blotting.

GST pull-down assay. GST and GST-fusion proteins were incubated with the
recombinant histones H3, H4, H2A, and H2B at equimolar ratios in a IP buffer
overnight as described previously45. The complex was pulled down with glu-
tathione sepharose bead (GE Healthcare), washed with IP buffer, and analyzed
using western blotting with specific antibodies. Ten percent of the histone proteins
(H3, H4, H2A, and H2B) were used as inputs.

Co-immunoprecipitation. Cells were subjected to co-immunoprecipitation as
delineated previously45. In brief, cells were lysed in lysis buffer (20 mM Tris pH 8.0,

Fig. 6 UBR7 suppresses epithelial-to-mesenchymal transition (EMT) through activation of CDH4. a Venn diagram showing overlaps of H2BK120Ub
enriched and differentially regulated genes after UBR7 knockdown. b Integrative Genomics Viewer (IGV) view of H2BK120Ub and H3K79me2 chromatin
immunoprecipitation sequencing (ChIP-seq) and RNA-sequencing (RNA-seq) tracks on the CDH4 gene in Control (SCR) or UBR7-sh1 short hairpin RNA
(shRNA) expressing MCF10A cells. c Immunoblot showing the expression of CDH4 across different normal breast cell and breast cancer cell lines.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. d–f Bar plots showing H2BK120Ub ChIP in the CDH4 gene locus in
MCF10A UBR7-sh1 (d) or MDA-MB-231 (e) or MDA-MB-468 (f) cells expressing wild-type (UBR7-WT) and catalytic-mutant (UBR7-CM). g, h Invasion of
MCF10A cells overexpressing CDH4 in the presence (SCR) and absence (UBR7-sh1 and UBR7-sh2) of UBR7 in a Matrigel chamber was photographed and
quantitated. i, jWound healing by MCF10A cells overexpressing CDH4 in the presence (SCR) and absence (UBR7-sh1 and UBR7-sh2) of UBR7 was
photographed and the percent recovery was measured over time. k Proliferation of cultured MCF10A cells overexpressing CDH4 in the presence (SCR)
and absence (UBR7-sh1) of UBR7. l, m Quantitative real-time PCR (qRT-PCR) analysis of EMT signature genes (l) and cell adhesion-linked genes (m)
in UBR7-sh1 MCF10A cells upon CDH4 overexpression. In g, i, scale bar indicates 10 µm. In d–f, h, j–m, error bars indicate standard deviation (s.d.); n= 3
technical replicates of a representative experiment (out of three experiments). P values were calculated using two-tailed t tests. *P < 0.05; **P < 0.001;
***P < 0.0001
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Fig. 7 UBR7 silencing activates the Wnt/β-catenin signaling pathway. a Quantitative real-time PCR (qRT-PCR) analysis of key regulators of the Wnt/β-
catenin signaling pathway upon loss of UBR7 (UBR7-sh1). b Immunoblots monitoring expression of β-CATENIN, glycogen synthase kinase 3β (GSK3β),
WNT3A, and ACTIN (loading control) in MCF10A cells expressing scrambled (SCR) or UBR7-shRNAs. c Immunoblots monitoring expression of β-
CATENIN in the nuclear and cytoplasmic fractions of MCF10A cells expressing scrambled (SCR) or UBR7-sh1shRNA. Histone H3 and TUBULIN were used
as loading controls for nuclear and cytoplasmic lysates, respectively. d Immunoblots monitoring expression of β-CATENIN in the nuclear and cytoplasmic
fractions of CDH4-expressing MCF10A UBR7-sh1 cells. Histone H3 and TUBULIN were used as loading controls for nuclear and cytoplasmic lysates,
respectively. e qRT-PCR analysis of β-catenin target genes expression in UBR7-sh1 MCF10A cells upon CDH4 overexpression. f Immunoblots showing
expression of β-catenin target genes upon UBR7 knockdown (UBR7-sh1 or -sh2) in MCF10A cells. g Co-immunoprecipitation of β-catenin from UBR7-
knockdown MCF10A cells in the presence or absence of MG132 (20 μM for 18 h) showing association of β-catenin with GSK3β and β-transducin repeat-
containing protein (β-TrCP). In a, e, error bars indicate standard deviation (s.d.); n= 3 technical replicates of a representative experiment (out of three
experiments). P values were calculated using two-tailed t tests. *P < 0.05; **P < 0.001
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150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), 1 mM EDTA) and pulled down with specific antibodies or FLAG M2 beads,
followed by washes with the lysis buffer. The immunoprecipitant was analyzed
using western blotting. Ten percent of the lysate with which IP was set was used as
the input.

RNA interference through lentiviral production. shRNA plasmids for UBR7 with
pLKO.1-puro backbone (Sigma-Aldrich) were screened for efficient knockdown.
Two of seven shRNAs were selected for subsequent experiments. Their sequences
are as follows: UBR7-sh1 5′-CAGTGCACCCAGGGTTATTTG-3′ and UBR7-
sh2–5′-GCTTAAAGCTAAGCAGCTTAT-3′. UBR7-sh1 targets the 3′-UTR of the
gene, so the overexpression constructs were resistant to the shRNAs.
HEK293T cells were plated at a density of 3 × 105 cells in 10-cm dishes. Eight
micrograms of shRNA and packaging vectors were transfected into the cells as
described previously47. Transduced cells were selected using puromycin (10 μg/ml;
Sigma) for 3 days.

UBR7 overexpression via lentiviral production. WT and H163S/H166S CM of
UBR7 were cloned into the pHAGE-CMV-fullEF1a-IRES-ZsGreen (from Jeng-
Shin Lee; Dana-Farber/Harvard Cancer Center). 293T cells were plated at density
of 3 × 105 in 10-cm dishes. Recombinant lentiviral particles were produced using
Lipofectamine 2000-mediated transient transfection in HEK293T cells. Briefly, 8 μg
of overexpression vectors, a packaging vector (psPAX2), and an envelope vector
(pMD2.G) were transfected into 293T cells plated in 10-cm dishes. The viral
supernatant was harvested 48 and 72 h after transfection and filtered. Cells were
infected three times in 48 h with the viral supernatant containing 10 μg/ml Poly-
brene. Green fluorescent protein-positive cells were sorted and cultured for other
experiments.

Quantitative real-time PCR. Total RNA was isolated using TRIzol reagent
(Invitrogen) and reverse transcribed using a Revertaid First Strand cDNA Synthesis
kit (Thermo Fischer Scientific) according to the manufacturer’s protocol followed
by qRT-PCR using ABI-SYBR GREEN mix (Applied Biosystems). qRT-PCR was
performed using StepONE plus FAST Real-time PCR machine. Each sample was
analyzed independently three times and the results of one representative experi-
ment, with technical triplicates, are shown. List of primers is provided in Sup-
plementary Table 1.

Western blot analysis. Whole-cell lysates were prepared in lysis buffer (20 mM
Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1
mM EDTA) as described previously45. The lysates were electrophoresed on 7.5%,
11%, or 15% SDS-polyacrylamide gel electrophoresis gels. Blots were probed with
specific antibodies. The membrane was blocked with 5% bovine serum albumin
(BSA) or non-fat dry milk in TBST (Tris-buffered saline, 0.1% Tween-20) . The
antibodies used are listed in Supplementary Table 2. All uncropped images of the
blots are provided in Supplementary Fig. 10.

Immunofluorescence. Immunofluorescence was carried out as described pre-
viously45. Cells were fixed with 4% paraformaldehyde or methanol, permeabilized
with 1% Triton X-100 or 100% methanol, blocked with 3% BSA, and stained with
the indicated antibodies. Coverslips were mounted after staining with DAPI (4′,6-
diamidino-2-phenylindole) and photographed using a Nikon T1E confocal
microscope with an A1RMP Scanner Head.

Migration or wound healing assay. Migration assay was performed as described
previously48. Cells were plated in 6-well dish in triplicates and grew to 90% con-
fluence and the cell surface was scratched with a sterile 20 µl tip. Images were
captured with Nikon T1 E100 microscope at 0 h and post 24 h after the scratch to
measure the wound healing by the cells, indicating their migratory capacity and
migration rate. The images were analyzed using the Image J software program
(National Institutes of Health; NIH), to measure the wound recovery by the cells
indicating their migratory ability.

Proliferation assay. Transduced and transfected cell lines were plated at a density
of 1 × 106 cells in triplicates in a 24-well plate. MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5 diphenyl tetrazolium bromide) was added at indicated time points and MTT
assay was performed as described previously49. The OD was measured using an
Epson Plate reader. The number of proliferating cells was calculated from the
standard curve.

Invasion assay. Invasion assay was performed as described previously47. For this
assay, 1 × 106 cells were cultured in the upper well of Matrigel chambers (Corning)
containing serum-free medium and allowed to migrate towards serum-enriched
medium in the bottom wells. After 20 h of incubation, invading or migrating cells
were stained with 0.5% Giemsa, photographed with Nikon T1 E100 microscope,
and counted using the Image J software program.

Soft agar assay. Transduced human breast epithelial and cancer cell lines were
resuspended in 3 ml of soft agar (medium containing 0.3% noble agar [Affyme-
trix]) warmed to 45 °C. The cell suspension was layered onto 3 ml of bottom agar
(medium containing 0.8% noble agar) in a 6-well plate (six replicates). 2 ml of the
medium was added to the top agar and changed every 3 days. Visible colonies were
scored after 4–5 weeks and stained with 0.5% Giemsa. The number of colonies and
mean area of colonies was calculated using the Image J software program.

Animal experiments and in vivo imaging. Animals used in these experiments
were all female nude mice aged 8–10 weeks (The Jackson Laboratory). All cells used
for in vivo injections were labeled with red fluorescent protein luciferase. The mice
were anesthetized with isoflurane and injected with 2 × 106 MDA-MB-231 cells in
50 μl of phosphate-buffered saline (PBS) in the abdominal mammary fat pads on
both sides (n= 5 mice). Tumor growth was monitored weekly via caliper mea-
surement and bioluminescent imaging once every 2 weeks. Once the largest tumor
diameter was reached (1.5 cm, which is the maximal tumor diameter allowed under
our institutional protocol), the animals were sacrificed. For the tail vein injections,
the mice (n= 4) were injected with 100 μl of 1 × 106 cells were injected into the
medial tail vein. All mouse experiments were performed with the approval of the
MD Anderson Institutional Animal Care and Use Committee.

For in vivo imaging, cells were infected with EF1-RFP-T2A-Luciferase (System
Biosciences) to enable stable expression of firefly luciferase. All in vivo
bioluminescent imaging was carried out at the MD Anderson Small Animal
Imaging Facility. For this imaging, the animals were anesthetized with isoflurane.
They were injected intraperitoneally with 3 mg of D-luciferin (Perkin Elmer) and
imaged using the IVIS Spectrum Imaging System (Perkin Elmer). Analysis after
acquisition was done using the Living Image software program (version 4.3; Perkin
Elmer).

Tissue microarrays. Patients: Breast tumors and normal breast tissue were
obtained from patients who underwent surgery at MD Anderson Cancer Center
from 2005 to 2015. Information on their hormone and Her2 statuses, as well as
proliferation fraction (Ki-67), was retrieved from pathological and clinical reports,
ER information was available for 367 (99%) patients, PR information was available
for 368 (99%) patients, Her2 information was available for 362 (98%) patients, and
proliferation fraction (Ki-67) information was available for 208 (56%) patients.

Breast cancer TMAs from MD Anderson Cancer Center and a commercially
available TMA BR2082a (US Biomax, Inc. Rockville, MD, USA) were used. The
TMAs from MDACC included 538 breast cancers and 15 normal tissues. Breast
cancers were represented in 389 (60%) cases with 3 punches of 1 mm, in 96 (17.8%)
cases with 3 punches of 0.6 mm, and in 53 cases (9.9%) with 3 punches of 1 mm
and 3 punches of 0.6 mm. The normal tissue samples included six punches of 0.6
mm from three normal lymph nodes, three normal breast tissues, three normal
kidneys, three normal colon, and three normal lung samples. The composition of
the commercial TMA is shown at the vendor’s website (http://www.biomax.us/
tissue-arrays/Breast/BR2082a).

Immunohistochemistry. For validation of the anti-UBR7 antibody, Western blot
of UBR7 expression on the whole cell line lysate of MCF10A transfected with a
control small interfering RNA (siRNA) and siRNA against UBR7, and of MCF7
transfected with siRNA against UBR7 was performed. These cell lines were paraffin
embedded and the final protocol was established to perform staining on 5-µm-
thick TMA sections. In brief, epitope retrieval was performed with citrate buffer at
pH 6.0 for 20 min, followed by peroxidase blocking for 5 min. A polyclonal rabbit
anti-UBR7 antibody (Bethyl Laboratories) was then incubated for 60 min using a
1:2000 dilution followed by polymer (goat-anti-rabbit immunoglobulin G (IgG))
and 3,3′-diaminobenzidine incubation for 8 and 10 min, respectively. Slides were
counterstained with hematoxylin. The staining was performed using supplies and
an autostainer from Leica Biosystems.

For evaluation of UBR7 staining, nuclear staining was scored semi-quantitative
providing the percentage of stained cells and staining intensity (0= no staining, 1
+=weak staining, 2+=moderate staining, and 3+= strong staining).
Representative staining examples are shown in Supplementary Fig. 4a.The study
was approved by the MD Anderson Institutional Review Board.

ChIP assay. ChIP assays were performed as described earlier50. Cells were cross-
linked with 1% formaldehyde and the chromatin was sheared and immunopreci-
pitated with the UBR7 antibody (Bethyl Laboratories), H2BK120Ub antibody
(Millipore), H2B antibody (Abcam), or as a negative control IgG. ChIP DNA was
analyzed by qPCR using gene specific primers. Each ChIP experiments were per-
formed three independent times with technical triplicates.

ChIP-seq assay. ChIP assays were performed as described previously50 with minor
modifications. Briefly, ~2 × 107 cells were harvested via cross-linking with 1% (wt/
vol) formaldehyde for 10 min at 37 °C with shaking. After quenching with 150 mM
glycine for 10 min at 37 °C with shaking, cells were washed twice with ice-cold PBS
and frozen at −80 °C for further processing. Cross-linked pellets were thawed and
lysed on ice for 30 min in ChIP harvest buffer (12 mM Tris-Cl, 1 × PBS, 6 mM
EDTA, 0.5% SDS) with protease inhibitors (Sigma). Lysed cells were sonicated with
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a Bioruptor (Diagenode) to obtain chromatin fragments (~200–500 bp) and cen-
trifuged at 15,000 × g for 15 min to obtain a soluble chromatin fraction. In parallel
with cellular lysis and sonication, antibodies (5 μg/3 × 106 cells) were coupled with
30 μl of magnetic protein G beads in binding/blocking buffer (PBS+ 0.1% Tween
+ 0.2% BSA) for 2 h at 4 °C with rotation. Soluble chromatin was diluted five times
using ChIP dilution buffer (10 mM Tris-Cl, 140 mM NaCl, 0.1% dissolved organic
compound, 1% Triton X, 1 mM EDTA) with protease inhibitors and added to the
antibody-coupled beads with rotation at 4 °C overnight. After washing, samples
were treated with elution buffer (10 mM Tris-Cl, pH 8.0, 5 mM EDTA, 300 mM
NaCl, 0.5% SDS), RNase A, and Proteinase K, and cross-links were reversed
overnight. ChIP DNA was purified using AMPure XP beads (Agencourt) and
quantified using the Qubit 2000 (Invitrogen) and Bioanalyzer 1000 (Agilent).
Libraries for Illumina sequencing were generated following the New England
BioLabs (NEB) Next Ultra DNA Library Prep Kit protocol. A total of 10 cycles
were used during PCR amplification for the generation of all ChIP-seq libraries.
Amplified ChIP DNA was purified using double-sided AMPure XP to retain
fragments (~200–500 bp) and quantified using the Qubit 2000 and Bioanalyzer
1000 before multiplexing.

ChIP-seq data processing. Raw fastq reads for all ChIP-seq experiments were
processed using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/), and quality reads were aligned to the hg19 reference genome using Bowtie
version 1.1.251 with the following criteria: -n 1 -m 1–best–strata. Duplicate reads
were marked using SAMBLASTER52 before compression to BAM files. To directly
compare Control and UBR7-shRNA ChIP-seq samples, uniquely mapped reads for
each mark were normalized by total reads per condition, sorted, and indexed using
samtools version 0.1.1953.

Model-based analysis of ChIP-seq (MACS) (version 1.4.2; peak calling
algorithm with a p value threshold of 1e− 7)54 was used to identify H2BK120Ub
enrichment over “input” background. Unique H2BK120Ub binding sites were
identified using the concatenate, cluster, and subtract tools from the Galaxy/
Cistrome web-based platform55. Briefly, a shared peak set was first generated by
clustering intervals of H2BK120-Control peaks that directly overlapped H2BK120-
UBR7-shRNA peaks by a minimum of 1 bp. Unique peaks were then identified by
subtracting the total number of H2BK120 peaks in each condition by the shared
peak set. Venn diagrams were generated using the Venn Diagram tool in Galaxy.
To visualize ChIP-seq libraries on the IGV browser, we used deepTools version
2.4.060 to generate bigWig files by scaling the bam files to reads per kilobase per
million (RPKM) using the following criteria: bamCoverage –b–normalizeUsing
RPKM–smoothLength 300–binSize 30–extendReads 200 –o.

A list of known genes was obtained from the UCSC Genome browser (http://
genome.ucsc.edu/). Proximal promoters were defined as ±5 kb from the
transcription start site (TSS) and the genebody was defined as all genic regions
outside of the +5 kb promoter region. Intergenic regions were defined as all regions
outside both the proximal promoter and genebody. H2BK120 peaks were assigned
to genes if they overlapped the promoter or genebody by a minimum of 1 bp. These
H2BK120Ub “enriched” regions were further used for the generation of read
density plots for all ChIP-seq data. All read density plots were generated using
thengs.plotpackage in R56.

ChIP-seq analysis for UBR7, RNF20, and RNF40 comparison. To directly
compare Control SCR, UBR7, RNF20, and RNF40 shRNA ChIP-seq samples,
uniquely mapped reads for H2BK120Ub in all conditions were normalized to ~10
million reads. For generation of Supplementary Fig. 3b–d, Control replicate1 was
used for the UBR7-shRNA-1 comparison and Control replicate2 was used for the
RNF20/RNF40 shRNA comparisons. Normalization of Control replicate1 and
UBR7-shRNA-1 samples to ~10 million reads displayed little effect on the average
density profile of H2BK120Ub (Supplementary Fig. 3b). For further UBR7, RNF20,
and RNF40 comparisons, read counts for Control (SCR) H2BK120ub and Input
replicates were merged together, normalized to ~10 million reads, and peaks were
called using MACS (p value 1e− 7). To identify unique H2BK120 binding sites
that were lost upon knockdown of either UBR7, RNF20, or RNF40, a shared peak
set was first generated by clustering intervals of Control (SCR) H2BK120Ub sites
that directly overlapped either UBR7, RNF20, or RNF40 shRNA H2BK120Ub
peaks by a minimum of 1 bp. Unique peaks were then identified by subtracting the
total number of H2BK120Ub peaks in each condition by their associated shared
peak set. A final Control (SCR) shared peak set was further generated using the
Control (SCR) H2BK120Ub binding sites from Supplementary Fig. 3e–g, which
were lost from depletion of each factor (UBR7, RNF20, or RNF40). A final Control
(SCR) unique peak set was identified by subtracting the total number of
H2BK120Ub peaks in each condition by the shared peak set. H2BK120Ub peaks
were assigned to genes if they overlapped the promoter (±5kbTSS) or genebody by
a minimum of 1 bp and these H2BK120Ub “enriched” regions were used for the
generation of average density profiles (Supplementary Fig. 3b–d, 3h) and pathway
analysis (Supplementary Fig. 3i).

Chromatin state calls. ChromHMM57 was used to identify combinatorial chro-
matin state patterns based on the histone modifications studied. Normalized bam
files were converted into binarized data at a 1000 bp resolution using the

BinarizeBam command with a p value cut-off of 1e−5. We specified that
ChromHMM should learn a model based on 10 chromatin states. As we considered
models between 8 and 20 chromatin states, we chose a 10-state model because it is
large enough to identify important functional elements while still being small
enough to interpret easily. Overlap enrichment was used to compute differential
enrichment in each of the 10 chromatin states between Control and UBR7-shRNA
samples. The ChromHMM segment files from the 10-state model contain the
genomic locations of each chromatin state called in both the Control and UBR7-
shRNA samples. To determine which chromatin states were enriched between
conditions, we further compared the genomic locations by using the Control
segments file as input for the segment directory, and by further separating the
UBR7-shRNA segments file into 10 individual states and using it as input for the
external coordinate directory. The UBR7-shRNA segment file was separated into
individual chromatin states for the external coordinate directory with the following
command:

awk -F/t ‘{print ≫ $4;close($4)}’ ~/path_to/UBR7-sh1_segments.bed
Overlap enrichment was ran using the following command:
java -mx4000M -jar ChromHMM.jar OverlapEnrichment ~/path_to/Control_

segments.bed ~/path_to/UBR7-shRNA_segments_separated OverlapEnrichment_
Control_vs_UBR7

RNA-sequencing. RNA was isolated using RNeasy kit and libraries prepared using
Illumina mRNA-Seq library kit. Raw FASTQ reads for all RNA-seq experiments
were processed using FastQC and quality reads were aligned with the hg19 reference
genome using TopHat(version 2.0.14)58 with a Bowtie2 (version 2.2.3)59 index
based on UCSC annotations using the following criteria: -G -g 1 -r 150–mate-std-
dev 50–library-type fr-unstranded. These criteria preserved only the best reads that
uniquely mapped to the genome with one or fewer mismatches. To visualize RNA-
seq libraries on the IGV browser, we used deepTools version 2.4.060 to generate
bigWig files by scaling the bam files to RPKM using the following criteria: bam-
Coverage –b --normalizeUsing RPKM --smoothLength 300 --binSize 30 -o.

For identification of differentially expressed genes and gene set enrichment
analysis (GSEA), raw counts were obtained by assigning reads at the gene level
across the UCSC hg19 reference genome using featureCount60 in the Rsubread
package. DESeq261 was employed for normalization and identification of
differentially expressed genes in UBR7-shRNA and Control samples. All plots were
generated using the ggplot and ggrepel packages in R. GSEA62 was run with
normalized counts from all identified differentially expressed genes using the
hallmark, curated, and gene ontology gene sets with default settings.

Statistical analysis. TCGA data analysis: Gene expression data for UBR7 from
TCGA data were analyzed using the UCSC Xena functional genomics browser.
Cancer subtypes for gene expression data were extracted from PAM50 version.

ChIP-qPCR and qRT-PCR: All qRT-PCR, ChIP, and other quantification data
were collected in experiments performed in technical triplicate. Each experiment
was repeated at least three times, and statistically significant results were obtained.
An unpaired two-tailed Student's t test was performed using the Prism software
program (GraphPad Software) to assign the significant differences between groups.
Significant differences were considered when P < 0.05, *P ≤ 0.05, **P ≤ 0.001, and
***P ≤ 0.0001. Error bars indicate the standard deviation of the mean for the
technical replicates, as indicated in the legend.

TMAs: Two different TMAs were used: one for analyses of primary versus
metastatic invasive ductal carcinoma tumors and the other for the association of
UBR7 staining with ER, PR, and HER2 status. The intensity and percentage were
measured three times for each tumor, and the means of these measures were used
for data analyses (missing values were excluded). All statistical analyses were
performed using R (version 3.3.1).

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
ChIP-Seq and RNA-Seq data can be accessed at GEO using the accession number:
GSE93759. All relevant data are available from the authors upon request.
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