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Histone ubiquitylation is a critical part of both active and repressed

transcriptional states, and lies at the heart of DNA damage repair signaling.

The histone residues targeted for ubiquitylation are often highly conserved

through evolution, and extensive functional studies of the enzymes that

catalyze the ubiquitylation and de-ubiquitylation of histones have revealed

key roles linked to cell growth and division, development, and disease in

model systems ranging from yeast to human cells. Nonetheless, the

downstream consequences of these modifications have only recently begun

to be appreciated on a molecular level. Here we review the structure and

function of proteins that act as effectors or “readers” of histone ubiquitylation.

We highlight lessons learned about how ubiquitin recognition lends specificity

and function to intermolecular interactions in the context of transcription and

DNA repair, as well as what this might mean for how we think about histone

modifications more broadly.
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1 Introduction

The genomic DNA of eukaryotes is organized into chromatin, a polymer whose

fundamental structural unit is the nucleosome. The composition of the nucleosome core is

essentially invariant across eukaryotes: an octamer composed of two copies of each of the

core histone proteins H2A, H2B, H3, H4, and 146 base pairs of DNA wrapped around it.

Linker DNA between neighboring nucleosomes varies in length from ~10 to 50 base pairs

depending on species and chromatin context and is bound by the linker histone H1

(Fyodorov et al., 2018). The packaging of genomic DNA into arrays of nucleosomes limits

its access by cellular machineries that carry out transcription, replication, and repair

(Kornberg and Lorch, 2020). Thus, mechanisms that allow access to DNA in the context

of chromatin are integral to all of these processes. Onemechanism that allows for dynamic

organization of chromatin structure during these processes is histone post-translational

modifications (PTMs). Histone PTMs are a key cellular mechanism for regulating

chromatin structure and function. Generally, they are thought to comprise

chromatin-based signaling networks in which modified histones form binding sites

for chromosomal proteins that execute downstream functions (Strahl and Allis, 2000;

Rothbart and Strahl, 2014). At the heart of these networks is the interface between

modified histones and their cognate recognition proteins, often called histone

modification “readers.” Many protein domains with dedicated reader functions have

been identified, and numerous high-resolution structural views of reader-modification
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interactions are available. Reader domains that recognize distinct

modifications have unique structural features. For example,

reader domains for histone methylation can be distinguished

based on the specific methylated site that they recognize: Plant

homeodomain (PHD) fingers for histone H3 lysine 4 (K4)

methylation, chromodomains for lysine 9 (K9) or lysine 27

(K27) methylation (sub-families of chromodomains are

specific for each site), and proline-tryptophan-tryptophan-

proline (PWWP) domains for lysine 36 (K36) methylation

(Musselman et al., 2012). These domains allow histone

modifications to guide biochemical activities on chromatin in

multiple biological contexts.

In contrast, relatively few readers for histone ubiquitylation

(Mattiroli and Penengo, 2021; Vaughan et al., 2021) have

emerged from the detailed studies of this modification, and

structural information illuminating ubiquitylated histone

recognition has only recently become available, largely

through cryo-EM studies (summarized in Table 1). Here we

review the current state of knowledge of ubiquitylated histone

readers, with a focus on their structure and function. This is a

field that spans many aspects of chromatin biology and that

illuminates novel functions for ubiquitin. Unlike other classes of

histone modification readers, ubiquitylated histone readers do

not share a particular domain or structural motif. As such, we

discuss interactions between readers and ubiquitylated histones

with a view toward identifying common themes and functional

consequences.

1.1 Overview of protein ubiquitylation

Ubiquitin is a 76 amino acid protein that can be post-

translationally attached to other proteins. Ubiquitin

attachment to a target protein (ubiquitylation; also referred

to as ubiquitination) occurs in three enzymatic steps and

results in an isopeptide bond linking the carboxy terminus

of the ubiquitin polypeptide to the terminal amino group of a

lysine side chain in the target (Komander and Rape, 2012).

TABLE 1 Summary of histone ubiquitylation sites and cognate reader proteins.

Modification Reader Experimental methods

H2AK119ub1 PRC2 Quantitative mass spectrometry (Kalb et al., 2014a), nucleosomal pulldown assays (Cooper et al., 2016), cryo-EM structure
(Kasinath et al., 2021)

PRC1 Immunofluorescence (Arrigoni et al., 2006), Nucleosomal pulldown assays (Zhao et al., 2020)

RSF1 Quantitative mass spectrometry (Zhang Z. et al., 2017), pulldown assay (Zhang Z. et al., 2017)

DNMT3A ChIP-seq (Weinberg et al., 2021), dCypher nucleosome binding assay (Weinberg et al., 2021)

ZRF1 Affinity purification (Richly et al., 2010), pulldown assays (Richly et al., 2010)

H2AK13/15ub1 53BP1 Pulldown assays (Fradet-Turcotte et al., 2013; Wilson et al., 2016), cryo-EM (Wilson et al., 2016), isothermal calorimetry (Wilson
et al., 2016), bio-layer interferometry (Wilson et al., 2016)

RNF169 Pulldown assays (Panier et al., 2012; Hu et al., 2017), isothermal calorimetry (Hu et al., 2017), NMR structure (Hu et al., 2017)

RAD18 Pulldown assays (Hu et al., 2017), isothermal calorimetry (Hu et al., 2017), NMR structure (Hu et al., 2017)

BARD1 Pulldown assays (Becker et al., 2021), electrophoretic mobility shift assays (Becker et al., 2021; Dai et al., 2021), isothermal
calorimetry (Dai et al., 2021), microscale thermophoresis (Dai et al., 2021), cryo-EM structure (Dai et al., 2021)

H2AK127/129ub1 SMARCAD1 Pulldown assays (Densham et al., 2016)

USP48 Cleavage assays (Uckelmann et al., 2018), gel-shift assays (Uckelmann et al., 2018), surface plasmon resonance (Uckelmann et al.,
2018)

H2BK120ub1 Dot1L Cryo-EM structures (Anderson et al., 2019; Jang et al., 2019; Valencia-Sánchez et al., 2019; Worden et al., 2019)

COMPASS In vitro histone methyltransferase assay (Hsu et al., 2019) (Kim et al., 2013), cryo-EM structure (Hsu et al., 2019; Worden et al.,
2020)

MLL complexes Cryo-EM structure (Xue et al., 2019), in vitro histone methyltransferase assay (Xue et al., 2019)

FACT Has not yet been identified to bind directly to the ubiquitylated H2B

SWI/SNF Quantitative mass spectrometry (Shema-Yaacoby et al., 2013), co-immunoprecipitation (Shema-Yaacoby et al., 2013), ChIP-qPCR
(Shema-Yaacoby et al., 2013), NGS of preferentially interacting nucleosome modifications (Mashtalir et al., 2021)

Chd1 Has not yet been identified to bind directly to the ubiquitylated H2B

H3K18/23ub1 DNMT1 In vitro methylation assay (Ishiyama et al., 2017; Li et al., 2018), co-immunoprecipitation (Nishiyama et al., 2013), far-western
blotting (Nishiyama et al., 2013), histone binding assays (Qin et al., 2015), pulldown assay (Ishiyama et al., 2017), isothermal
calorimetry (Ishiyama et al., 2017), x-ray crystallography (Ishiyama et al., 2017)

H3K14ub1 Clr4/SUV39H1 In vitro ubiquitylation assay (Oya et al., 2019), pulldown assay (Oya et al., 2019), in vitro histone methyltransferase assay (Oya et al.,
2019; Stirpe et al., 2021), hydrogen-deuterium exchange coupled to mass spectrometry (Stirpe et al., 2021), isothermal calorimetry
(Stirpe et al., 2021)

H3K23/36/37ub1 Gcn5 Co-immunoprecipitation (Zhang X. et al., 2017), sequential purification (Zhang X. et al., 2017), pulldown assay (Zhang X. et al.,
2017)
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First, the E1 ubiquitin activating enzyme activates the

ubiquitin carboxy terminus through ATP-dependent

formation of a thioester linkage with an active site cysteine

side chain. The activated ubiquitin is transferred to an

E2 ubiquitin conjugating enzyme via another thioester

bond. Transfer to substrate is facilitated by an E3 ubiquitin

ligase, which forms a complex with the E2 and interacts

directly with substrates (Komander and Rape, 2012).

Ubiquitylation is dynamically controlled by

deubiquitylation enzymes (DUBs). DUBs are a diverse

family of proteases with specificity for the isopeptide bond.

Their specificity for particular ubiquitylated substrates is

determined by their protein interaction networks (Mevissen

and Komander, 2017).

Protein ubiquitylation is most well known as the first step

in the ubiquitin-proteasome system for protein degradation,

the primary mechanism for programmed protein turnover

and protein quality control in eukaryotic cells. Protein

recognition by the proteasome requires polyubiquitylation,

in which chains of ubiquitin are formed through isopeptide

linkages at lysines within ubiquitin itself. All seven lysines in

the ubiquitin polypeptide can in fact be targeted for chain

formation, although the canonical type of chains recognized

by the proteasome are linked at lysine 48. Non-proteolytic

signaling functions of ubiquitin regulate protein activity and

protein-protein interactions in a range of biological contexts.

These can involve polyubiquitylation, particularly lysine 63-

linked chains, but also frequently depend on

monoubiquitylation of specific lysines in target proteins

(Komander and Rape, 2012; Salas-Lloret and González-

Prieto, 2022). Since histone ubiquitylation comprises

mainly monoubiquitylation events, these will be the focus

of our discussion.

Studies of monoubiquitylation signaling outside the realm of

histones have defined recurrent ubiquitin receptor motifs. One

group of motifs consists of bundles of alpha helices, or in some

cases a single alpha helix. These are commonly found in proteins

involved in endocytosis and include UBA (ubiquitin-associated),

CUE (coupling of ubiquitin to ER degradation), UIM (ubiquitin-

interacting motif), and MIU (motif interacting with ubiquitin)

domains (Husnjak and Dikic, 2012). A second group has a zinc

finger as the central structural element. This group is exemplified

by the UBZ (ubiquitin-binding zinc finger) domain of DNA

polymerase eta that recognizes monoubiquitylated PCNA to

facilitate post-replication DNA repair; orthologous UBZ

domains are found in other repair proteins as well (Husnjak

and Dikic, 2012). Most characterized ubiquitin receptor motifs

contact a hydrophobic patch on the ubiquitin surface

surrounding Ile44. Study of histone modification readers has

revealed additional examples of canonical ubiquitin interaction

modes, and has also identified several novel types of ubiquitin-

binding motifs that have important chromatin regulatory

functions.

2 Histone H2A ubiquitylation

Monoubiquitylation occurs on several residues in the N- and

C-terminal tails of histone H2A. Ubiquitylation on a C-terminal

lysine corresponding to K119 in mammals was the first protein-

ubiquitin conjugate to be characterized (Goldknopf and Busch,

1977). Identification of the cognate E2 and E3 enzymes as

Polycomb group regulators linked this modification to

transcriptional repression (Wang et al., 2004). More recent

work has identified additional sites of monoubiquitylation on

both the H2A N-terminal and C-terminal tails with important

roles in coordinating the DNA damage response (Mattiroli et al.,

2012; Kalb et al., 2014b) (Table 1).

2.1 H2AK119ub1 readers

The H2AK119-specific E3 ligase Ring1B is a member of the

Polycomb family of transcriptional repressors. The Polycomb

family proteins, first discovered in the fruit fly D. melanogaster,

coordinate formation of facultative heterochromatin in

metazoans (Blackledge and Klose, 2021). They are essential

for the maintenance of gene expression programs associated

with embryonic development and in adult tissues. As such,

Polycomb regulators are among the most frequently mutated

proteins in human cancers. The mechanism of Polycomb

repression remains a topic of intense study, and is known to

involve the formation of a repressive chromatin structure that is

epigenetically inherited through cell division. Polycomb proteins

reside in one of two types of Polycomb repressive complexes in

cells, termed PRC1 and PRC2; Ring1 enzymes are core

components of PRC1. PRC2 complexes also have histone-

modifying activity conferred by the Ezh2 histone H3 lysine

27 methyltransferase. A key DUB for H2AK119ub1 is BAP1,

a tumor suppressor that restrains Polycomb silencing genome-

wide (Campagne et al., 2019; Fursova et al., 2021). The

PRC1 complex mediates compaction of nucleosome arrays

in vitro and formation of intranuclear Polycomb clusters in

vivo (Francis et al., 2004; Grau et al., 2011; Isono et al., 2013).

These functions correlate with liquid-liquid phase separation

properties of PRC1 (Plys et al., 2019). Chromatin compaction by

PRC1 in vitro is independent of any histone modifying activities

and is insensitive to removal of histone tails, suggesting that

Polycomb-associated histone modifications are important for

targeting silencing to the appropriate genomic regions

(Francis et al., 2004).

PRC1 and PRC2 are functionally linked on chromatin

through self-reinforcing regulatory loops involving histone

reader interactions (Blackledge and Klose, 2021). Recruitment

of PRC1 by PRC2 activity is well understood and is mediated by a

chromodomain protein (one of the CBX family proteins in

mammals) that reads methylated H3K27 (H3K27me) and that

is a component of canonical PRC1 complexes. However, the
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reverse relationship was only more recently described, and

involves H2AK119ub1 reader proteins that associate with the

PRC2 complex. Intriguingly, variant PRC1 complexes, which

lack a chromodomain subunit, can still recognize and propagate

H2AK119ub1, suggesting that these complexes can function

through a PRC2-independent pathway to generate a silent

state. H2AK119ub1 also exerts transcriptional regulatory

functions through reader proteins that are entirely

independent of the PRCs (Table 1).

2.1.1 PRC2
A functional link between H2AK119ub1 and the

PRC2 complex was first demonstrated by proteomic analysis

that identified factors enriched on recombinant nucleosome

arrays modified with H2AK119ub1 (Kalb et al., 2014a).

PRC2 components were identified among the most robust

interactors using extracts derived from fly embryos or

mammalian ES cells, and the AEBP2 and Jarid2 subunits

showed the highest enrichment. Moreover, a reconstituted

PRC2 complex containing both AEBP2 and Jarid2 was shown

to methylate H3K27 more efficiently on H2AK119ub1-modified

nucleosome substrates than on unmodified ones. Subsequent

studies uncovered direct interaction of Jarid2 with H2AK119ub1,

confirming this factor as a direct reader of this modification

(Cooper et al., 2016). A consensus UIM (ubiquitin interaction

motif) in Jarid2 was shown to interact with the Ile44 hydrophobic

patch of ubiquitin on H2A. Furthermore, mutation of UIM

residues impaired the PRC2 recruitment function of Jarid2 in

cells.

The cryo-EM-derived structure of PRC2 in complex with a

H2AK119ub1-modified nucleosome offers a more complete

picture of H2AK119ub1 recognition by PRC2 (Kasinath et al.,

2021). The structure reveals direct contact between both

Jarid2 and AEBP2 components with ubiquitin, suggesting a

multi-valent H2Aub reader function for PRC2 (Figures 1A,B).

Remarkably, both components engage

H2AK119ub1 independently on opposite sides of the

nucleosome, essentially forming a sandwich with the

nucleosome in between them. On one side, the Jarid2 UIM

forms an alpha helix that is wedged between the ubiquitin on

H2A and nucleosomal DNA; this is stabilized by an adjacent

Jarid2 segment bound to the “acidic patch” on the nucleosome

surface (Figure 1B). The acidic patch is a cluster of acidic residues

in H2A and H2B that forms a hotspot for factor engagement with

the nucleosome (McGinty and Tan, 2021). On the opposite side

of the nucleosome, two tandem zinc fingers in AEBP2 contact the

ubiquitin attached to the other H2A subunit in the complex

through the Ile44 hydrophobic patch. Additional contacts are

also seen with H2A/H2B residues on this surface of the

nucleosome. This structure explains the requirement for both

Jarid2 and AEBP2 for PRC2 to respond to H2AK119ub1 in vitro

and provides a general framework for understanding how

PRC1 enzymatic activity regulates PRC2 in the context of

Polycomb silencing.

Proteomic analysis of PRC2 has complicated this regulatory

picture by demonstrating the existence of multiple

PRC2 complexes composed of a group of shared core

subunits (Ezh2, Suz12, Rbbp4, Rbbp7) and a set of auxiliary

subunits. Jarid2 and AEBP2 are only present in one species of

PRC2, termed PRC2.2, whereas PRC2.1 is endowed with

Polycomb-like (PCL) subunits, DNA-binding proteins with

preference for unmethylated CpG islands (Hauri et al.,

2016). Thus, a regulatory role for H2AK119ub1 seems to

only apply to a subset of PRC2 complexes in vivo, as

confirmed by analysis of catalytic-dead Ring1B point

mutants in mammalian ES cells (Blackledge et al., 2020;

Tamburri et al., 2020). Interestingly, these point mutants

also show complete loss of Polycomb silencing function even

at PRC2.1 target genes, presumably because PRC1 functions are

generally compromised (as is the case in a complete Ring1B

FIGURE 1
Recognition of H2AK119ub1 by the PRC2 complex. (A)
Cartoon illustration of the cryo-EM structure of PRC2 bound to a
H2AK119ub1 nucleosome (based on Kasinath et al., 2021). The
H2AK119ub1 reader subunits Jarid2 and AEBP2 are
highlighted; dashed lines denote presumed mobile segments of
these proteins not visible in the structure. The Jarid2 UIM is
depicted on the top surface by a thick line between ubiquitin and
the acidic patch region. The AEBP2 zinc finger domain is shown on
the bottom surface. The tail of histone H3 is shown positioned in
the Ezh2 catalytic site. (B) Pymol rendering of the cryo-EM
structure (PDB code 6WKR) showing the nucleosome and
H2AK119ub1-binding modules. The H2A/H2B acidic patch on the
nucleosome surface is also indicated. See text for details. Created
with BioRender.com.
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knockout). This points to expanded roles for

H2AK119ub1 beyond PRC2 activation.

2.1.2 PRC1
As is the case for PRC2, PRC1 does not refer to a single entity

but a family of related complexes (Blackledge and Klose, 2021).

All PRC1 complexes contain Ring1B and one of six PCGF

paralogs. In canonical PRC1 complexes, PCGF2 or PCGF4 are

bound to a chromobox (CBX) subunit. CBX proteins are readers

for methylated H3K27, and so canonical PRC1 complexes

strongly depend on PRC2 enzymatic activity for their genomic

localization and function. In contrast, variant PRC1 complexes

contain PCGF1, 3, 5, or 6 bound to RYBP/YAF2. These

complexes are independent of H3K27 methylation, and the

H2AK119-specific ubiquitin ligase activity of these complexes

renders overall levels of H2AK119ub1 essentially PRC2-

independent in cells (Tavares et al., 2012; Blackledge et al.,

2014). What drives recruitment of these complexes to

chromatin if not PRC2? RYBP is a ubiquitin-binding protein:

this interaction is mediated by its zinc-finger domain, which is

similar in sequence to NZF zinc-fingers known to bind ubiquitin

(Arrigoni et al., 2006). Ubiquitin binding by RYBP is important

for PRC2-independent PRC1 recruitment in the context of

X-chromosome inactivation in female ES cells (Almeida et al.,

2017). Recently, RYBP was shown to interact directly with

H2AK119ub1 nucleosomes in vitro; binding to H2Bub1 or

unmodified nucleosomes in the same assays was

comparatively weak. Moreover, RYBP was found to stimulate

catalytic activity of PRC1 specifically in the presence of

H2AK119ub1 nucleosomes (Zhao et al., 2020). In vivo,

H2AK119ub1 and RYBP are interdependent for their

chromatin association in ChIP-seq experiments. Taken

altogether, these data support a model in which variant

PRC1 propagates H2AK119ub1 through positive feedback.

This model also emphasizes the central role H2AK119ub1 has

in formation of Polycomb silencing assemblies in mammalian

cells.

2.1.3 Other H2AK119ub1 readers involved in
transcriptional repression

The repressive function of H2AK119ub1 extends beyond its

direct effects on PRC1 and PRC2. The ATP-dependent

chromatin remodeling factor RSF (remodeling and spacing

factor) was identified as a H2AK119ub1 reader in experiments

that purified native chromatin highly enriched in H2AK119ub1

(Zhang Z. et al., 2017). RSF is a heterodimer consisting of a

catalytic subunit (SNF2h) and a targeting subunit called RSF1; it

is involved in multiple nuclear processes including transcription,

DNA repair, and centromere function. RSF1 interacts specifically

with H2AK119ub1 nucleosomes through its ubiquitylated-H2A-

binding (UAB) domain. The UAB domain is highly conserved

among RSF1 orthologs but lacks obvious sequence similarity to

other ubiquitin-binding domains; structural analysis of this

domain in complex with H2AK119ub1 would be revealing.

ChIP-seq and RNA-seq analyses in cell lines demonstrated

that RSF1 and Ring1B regulate overlapping cohorts of genes,

suggesting that the RSF1-H2AK119ub1 interaction is

physiologically relevant. In vitro transcription experiments on

chromatin templates suggested that RSF directly represses

transcription through H2AK119ub1. Further investigation is

needed to determine how general the requirement for Ring1B

or H2AK119ub1 is for RSF function, and, conversely, how

important RSF might be for Ring1B functions in Polycomb

silencing.

H2AK119ub1 was also recently shown to bridge the

Polycomb system with de novo DNA methylation. DNA

methylation at CpG dinucleotides is a key component of

constitutive heterochromatin in mammals and is necessary for

silencing of retrotransposons and repetitive elements (Edwards

et al., 2017). Polycomb silencing generally operates

independently of DNA methylation: variant PRC1 complexes

directly bind to CpG islands at target gene promoters, but only

when they are not methylated (Blackledge and Klose, 2021).

However, the de novo DNA methyltransferase DNMT3A has a

latent ability to target CpG islands occupied by H2AK119ub1

(Weinberg et al., 2021). This was revealed through analysis of

mutant forms of DNMT3A in which the PWWP domain is

impaired; such mutations are frequently found in patients with

paragangliomas and microcephalic dwarfism (Weinberg et al.,

2021). The DNMT3A PWWP domain is a reader for methylated

H3K36, a histone mark that is depleted from promoter CpG

islands. PWWP mutations cause DNMT3A redistribution and

aberrant de novo DNA methylation at PRC1-regulated CpG

island promoters. This effect is dependent on H2AK119ub1,

as it is abolished by Ring1B removal, and is due to a direct

interaction between DNMT3A and H2AK119ub1 nucleosomes

that is mediated by a ubiquitin-dependent recruitment region

(with no sequence homology to known ubiquitin-binding

domains) in DNMT3A. Wild-type DNMT3A is preferentially

localized by H3K36me through its PWWP domain. However,

latent H2AK119ub1 recognition may be relevant in specific cell

types or at certain times in development. For example, de novo

methylation of CpG islands by DNMT3A has been reported in

hematopoietic stem cells (Spencer et al., 2017). Additionally,

during neuronal differentiation, many Polycomb-regulated gene

promoters acquire DNAmethyation (Mohn et al., 2008). Further

studies are necessary to determine how specificity is conferred by

the UDR of DNMT3A for H2AK119ub1, to what degree H2A

monoubiquitylation contributes to DNMT3A localization in

physiological settings, and how the balance between

physiological and pathological targeting is achieved.

2.1.4 ZRF1, a H2AK119ub1-reader interaction
involved in transcriptional activation

Immunoaffinity purification of H2AK119ub1-containing

chromatin identified zuotin-related factor 1 (ZRF1) (Richly
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et al., 2010). ZRF1 orthologs contain a DnaJ domain and two

SANT domains; ubiquitin binding was mapped functionally to a

different region of the protein that lacks sequence similarity to

known ubiquitin-binding domains. ZRF1 occupies a subset of

Ring1B/H2AK119ub1-occupied promoters, but seems to

antagonize PRC1 binding to these targets, as suggested by a

decrease in PRC1 occupancy upon ZRF1 overexpression.

Moreover, upon differentiation of NT2 cells with retinoic acid,

ZRF1 binding to its targets is enhanced, in concert with reversal

of Polycomb-mediated repression and transcriptional activation.

This suggests the intriguing model that H2AK119ub1 has a dual

role in the Polycomb system, both in the establishment of the

transcriptionally repressed state and in the activation of

transcription at Polycomb-regulated genes following stimuli or

differentiation. There are a number of outstanding mechanistic

questions surrounding this model that have yet to be addressed.

How does competition between ZRF1 and PRC1 operate? Can

ZRF1 displace RYBP/YAF2 binding to

H2AK119ub1 nucleosomes? How does this mechanism relate

to H2AK119ub1 removal by the de-ubiquitylase BAP1, also

proposed to be important for PRC1 antagonism during gene

activation (Campagne et al., 2019)? As the derepression of

Polycomb targets remains poorly understood, further insight

into a role for H2AK119ub1 in this process would be of great

interest.

2.2 H2Aub1 in DNA repair

Monoubiquitylation of H2A is a key component of the

cellular response to DNA double strand breaks (DSBs)

(Mattiroli and Penengo, 2021). These pathways do not

directly involve H2AK119ub1 and instead lead to modification

of distinct lysines on the N- and C-terminal H2A tails.

Ubiquitylation of the N-terminal tail on lysine 13 or 15

(H2AK13ub1 or H2AK15ub1) occurs in the immediate

vicinity of DSBs downstream of signaling cascades initiated by

the damage checkpoint kinase ataxia telangiectasia mutated

(ATM) and is catalyzed by the E3 ligase RNF168.

(H2AK13ub1 and H2AK15ub1 are functionally

interchangeable, so we will confine our discussion to the

latter.) Readers for this modification regulate DSB repair

pathway utilization and participate in both major DNA repair

pathways in eukaryotic cells: non-homologous end joining

(NHEJ) (53BP1), and homologous recombination (HR)

(BARD1, RAD18, and RNF169). This suggests a general

function for H2AK15ub1 in repair that is modulated by

additional pathway-specific signals. These signals often work

by resolving competition between 53BP1 and HR factors for

binding to H2AK15ub1. They include the methylation state of

the tail of histone H4, another chromatin feature sensed by repair

factors that helps to dictate repair pathway choice. Ubiquitylation

of H2A is also important for HR downstream of this decision

point. BARD1, as part of a heterodimeric E3 ligase complex with

BRCA1, catalyzes H2A C-terminal tail ubiquitylation at K125,

K127 or K129, thereby promoting HR through the readers

SMARCAD1 and USP48 (Table 1).

2.2.1 53BP1
53BP1 engagement at chromatin surrounding a DSB is a

major signal promoting NHEJ as it blocks resection at the broken

ends, a necessary step for strand invasion leading to HR (Panier

and Boulton, 2014). 53BP1 selectively binds to H2AK15ub1 and

forms a scaffold, allowing other core NHEJ response proteins to

assemble near the DSB end (Fradet-Turcotte et al., 2013).

53BP1 binding to the nucleosome involves recognition of two

histone modifications: H2AK15ub1 and mono- or di-methylated

H4K20 (H4K20me1/2) (Botuyan et al., 2006). The latter

FIGURE 2
Key role of H2AK15ub1 in multi-valent nucleosome
engagement by DNA repair factors. (A) Left: Cartoon illustration of
the cryo-EM structure of the 53BP1 TTD-UDR region bound to a
nucleosome harboring H2AK15ub1 and H4K20me2 (based
onWilson et al., 2016). H2AK15ub1 is shown connected to the H2A
N-terminal tail and projecting over the nucleosome surface. The
UDR is represented by a thick blue line contacting the H2B/
H4 cleft, H2AK15ub1, and the acidic patch. The TTD bound to
H4K20me2 is separated from the UDR by an unstructured region
(dashed line). Right: Pymol rendering of the cryo-EM structure
(PDB code 5KGF) showing the 53BP1 UDR bound to a
H2AK15ub1 nucleosome. The TTD is not shown in this view. The
H2B C-terminal helix is indicated. (B) Left: Cartoon illustration of
the cryo-EM structure of the BARD1 ARD-BRCT region bound to a
H2AK15ub1 nucleosome (based on Dai et al., 2021; Hu et al., 2021).
Right: Pymol rendering of the cryo-EM structure (PDB code 7LYC)
with the BARD1 ARD-BRCT region uniformly coloured black. The
H2B C-terminal helix is indicated. See text for details. Created with
BioRender.com.
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modification is not induced by DNA damage but is cell cycle

regulated, such that high levels of methylation are present

genome-wide only in cells in G1 (Saredi et al., 2016;

Pellegrino et al., 2017). This helps to restrict 53BP1 binding

and error-prone NHEJ from occurring when homologous

chromosomes are present and HR is favorable.

53BP1 binds to H4K20me1/2 through its tandem Tudor

domain (TTD) and to H2AK15ub1 through a ubiquitin

dependent recruitment (UDR) motif located just C-terminal

to the TTD (Wilson et al., 2016). The UDR was defined

experimentally in domain swap experiments that conferred

RNF168-dependent localization of a yeast 53BP1 ortholog to

DNA damage foci in mammalian cells. Yeast lack RNF168 and

H2AK15ub1, arguing that H2AK15ub1 affinity resides in this

motif (Fradet-Turcotte et al., 2013). Although the UDR is not

obviously similar to other ubiquitin-binding motifs, it is highly

conserved among metazoan 53BP1 orthologs and is required for

53BP1 function in cells. Insight into how the 53BP1 UDR

recognizes H2AK15ub1 came from a cryo-EM structure of a

53BP1 fragment containing the TTD and UDR bound to a

nucleosome core particle modified with both H4K20me2 and

H2AK15ub1 (Wilson et al., 2016) (Figure 2A). The ubiquitin is

poorly resolved in the cryo-EM structure of the modified

nucleosome alone, but association of the TTD-UDR fragment

imparts structural rigidity, allowing clear inference of the

ubiquitin conformation. The UDR forms an extended coil that

is sandwiched between the nucleosome surface and the ubiquitin

moiety, contacting both the ubiquitin Ile44 patch and a solvent-

exposed cleft between histones H2B and H4. The C-terminus of

the UDR forms a predicted alpha helix that contacts the H2A/

H2B acidic patch. The structure also revealed roles for the

nucleosome itself in positioning the H2AK15-linked ubiquitin.

First, direct contacts were observed between ubiquitin and the

H2B C-terminal alpha helix (Figure 2A, right). Second, ordering

of the H2A N-terminal tail residues surrounding K15 conferred

further structural rigidity and facilitated the UDR interaction;

this involved interaction of the H2A R11 and R17 side chains

with DNA. Thus, not only does the 53BP1 UDR engage in

multivalent interactions with both ubiquitin and the

nucleosome surface; it also potentiates ubiquitin interactions

with other components of the nucleosome.

2.2.2 RNF169 and RAD18
RNF169 is a paralog of RNF168, but its RING finger is not

required for its function in DNA repair. Instead, DNA repair

function requires a consensus MIU motif that is part of a

ubiquitin-dependent recruitment module (UDM). The UDM

directs RNF169 to double-strand breaks in a RNF168-

dependent manner and binds specifically to H2AK15ub1 in a

nucleosome context (Panier et al., 2012). Interestingly,

RNF168 harbors a similar UDM, which presumably leads to

amplification of the H2AK15ub1 signal at damaged sites. Unlike

RNF169, RNF168 has a second UDM that is important for initial

RNF168 recruitment to damaged chromatin through recognition

of RNF8-dependent K63-linked polyubiquitylation on histone

H1 (an event that is immediately downstream of the ATM

kinase) (Doil et al., 2009; Stewart et al., 2009). RAD18 is

similar to RNF169 in many respects: it is a E3 ubiquitin ligase

harboring a UDM, its localization to DSBs is RNF168-dependent,

and its positive role in HR requires ubiquitin binding but not

E3 ligase activity (Huang et al., 2009; Panier et al., 2012).

The UDMs in RNF169 and RAD18 (and in RNF168) are

bipartite in nature and are composed of a consensus

ubiquitin-recognition motif and an adjacent nucleosome-

binding motif termed the “LR” motif (LR refers to a

conserved dipeptide within the motif). Both motifs are

necessary for targeting to DSB foci in cells, and the LR

motif can in fact be transferred to confer a similar

localization on unrelated ubiquitin-binding proteins (Panier

et al., 2012). The methyl-TROSY NMR structure of the

RNF169 UDM bound to a H2AK15ub1 nucleosome

elegantly validates this bipartite organization. The

RNF169 MIU motif contacts the Ile44 patch of H2AK15-

linked ubiquitin, and the interaction interface is oriented away

from the nucleosome. The LR motif, extending from the MIU

alpha helix, contacts the H2A/H2B acidic patch (Hu et al.,

2017; Kitevski-LeBlanc et al., 2017). A similar division of labor

applies to the RAD18 UDM. In this case, the ubiquitin-

binding motif is a consensus UBZ motif; this contacts

ubiquitin with the Ile44 patch facing the nucleosome, such

that the UBZ helix is sandwiched between ubiquitin and the

H2A/H2B acidic patch. The RAD18 LR motif then makes

additional stabilizing contacts with the H2A/H2B acidic

patch.

These structures, along with complementary biochemical

experiments, suggest that RNF169 and RAD18 promote HR

by competing with 53BP1 for binding to nucleosomes

proximal to DSBs. There is striking overlap in binding sites

for these factors on the nucleosome acidic patch. Moreover,

RNF169 and RAD18 UDMs bind H2AK15ub1 nucleosomes

(with or without H4K20me) with affinities that are two orders

of magnitude greater than that of the 53BP1 TTD-UDR segment.

Competitive binding assays in vitro showed that RNF169 or

RAD18 displace 53BP1 from H2AK15ub1/H4K20me

nucleosomes (Hu et al., 2017). This is consistent with

experiments in which these factors displaced 53BP1 from DSB

foci when overexpressed in cells (Poulsen et al., 2012; Helchowski

et al., 2013; An et al., 2018; Nambiar et al., 2019).

2.2.3 BARD1
Investigation of the recruitment of the BRCA1/

BARD1 complex to sites of DNA damage revealed that the

HR pathway utilizes a multivalent nucleosome recognition

mechanism that parallels that of 53BP1. BRCA1 is a well-

known tumour suppressor; its roles in promoting HR and

opposing 53BP1 function have been studied extensively (Zhu
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et al., 2011; Witus et al., 2021). The BRCA1/BARD1 complex is a

heterodimer of E3 RING-finger ubiquitin ligases; RING fingers in

both proteins are required for ubiquitylation of its target sites on

the C-terminus of histone H2A (see below). BARD1 is essential

for the complex to bind to chromatin (Becker et al., 2021; Dai

et al., 2021; Hu et al., 2021). Chromatin binding is conferred by

the ankyrin repeat domain (ARD) and two tandem

BRCA1 C-terminal domain (BRCT) repeats, two ubiquitous

and versatile domains with a variety of interaction partners.

In BARD1, the ARD binds to the unmethylated histone H4 tail

(H4K20me0), and the BRCT domain binds to H2AK15ub1

(Nakamura et al., 2019; Becker et al., 2021). The interaction of

the ARD with H4K20me0 stabilizes BRCA1/BARD1 at DSBs in

the S and G2 phases of the cell cycle, times at which

unmethylated H4K20 is abundant and HR is favored. This

contrasts with the binding of 53BP1 to H4K20me in G1/M. A

cryo-EM structure has been determined for the complex of the

ARD-BRCT segment of BARD1 bound to a nucleosome

ubiquitylated at H2AK15 and at the functionally related site

H2AK13 (Dai et al., 2021; Hu et al., 2021) (Figure 2B). In the

structure, the ARD makes extensive interactions with

H4K20me0 by forming an acidic cavity around it; this may

prevent methylation of H4K20. The ARD and the second

(C-terminal) BRCT repeat are folded together in a V-shaped

conformation that sits on the nucleosome surface; the BRCT

interacts with the single ubiquitin moiety visible in the structure.

This may correspond to H2AK13ub1 or H2AK15ub1, but

binding seems to be restricted to one histone-linked ubiquitin.

Interestingly, the structure reveals a unique ubiquitin-binding

interface that is shared between the BRCT and the H2B

C-terminal helix, with the Ile44 patch primarily contacted by

the latter (Figure 2B, right). As in other H2AK15ub1 nucleosome

structures, the H2A/H2B acidic patch is a critical interaction

surface, making extensive contact with the second BRCT.

BARD1 interaction with ubiquitin includes a direct contact

with ubiquitin residue K63, implying that the complex would

prevent K63-linked polyubiquitin chain formation. This may be

relevant to how the BRCA1/BARD1 complex suppresses NHEJ

in favor of HR, although further studies are needed to

confirm this.

How is this mode of nucleosome recognition by BRCA1/

BARD1 coupled to its enzymatic activity toward the H2A

C-terminal tail? Remarkably, independent cryo-EM structures of

the RING fingers of BRCA1 and BARD1 in complex with an

unmodified nucleosome indicate binding to the same nucleosome

surface as the ARD-BRCT regions (Hu et al., 2021). This may

indicate that binding of the ARD-BRCT regions to one face of the

nucleosome promotes binding of the RING fingers (and catalysis)

on the opposite surface of the same nucleosome. An alternative

model is that ARD-BRCT and the RING fingers create a bridge

between neighboring nucleosomes, an intriguing possibility that

remains to be investigated.

2.2.4 SMARCAD1 and USP48
BRCA1/BARD1 is a E3 ubiquitin ligase that

monoubiquitylates H2AK125/127/129 (Kalb et al., 2014b). The

physiological relevance of this activity for BRCA1 function in

vivo is controversial, although there is compelling evidence for

some role for H2A monoubiquitylation downstream of

BRCA1 in the context of DNA damage repair and

heterochromatin formation (Zhu et al., 2011; Densham et al.,

2016). There is also evidence pointing to two DNA repair factors

as candidate readers for these H2A ubiquitylation sites. One is

the SWI/SNF-related ATP-dependent chromatin remodeler

SMARCAD1 (Densham et al., 2016). SMARCAD1 and

BRCA1/BARD1 function in the same pathway in cells to

regulate DNA resection at DSBs and promote HR. This seems

to occur through nucleosome eviction and the redistribution of

53BP1 to sites distal from the DSB (Uckelmann et al., 2018).

SMARCAD1 is an attractive reader candidate as it contains two

ubiquitin-binding CUE domains and can bind to nucleosomes

assembled in vitro with a H2A-ubiquitin fusion protein.

Mutations in the CUE domains also compromise its function

in cells (Densham et al., 2016).

A second repair factor that acts downstream of BRCA1/

BARD1 activity is USP48, a DUB that removes H2AK125/127/

129ub1 (Uckelmann et al., 2018). USP48’s recruitment to

damage-proximal nucleosomes is markedly reduced in cells

with depleted BRCA/BARD1. Importantly, the removal of

H2AK125/127/9ub1 by USP48 prevents the recruitment of

SMARCAD1 and subsequently, reduces chromatin remodeling

around the damage site. 53BP1 also remains present around the

site, which antagonizes DNA end resection and HR. In cells

where either USP48 or 53BP1 are depleted, unregulated DNA

end resection results in single-strand annealing, which is

mutagenic for the cell. Interestingly, USP48 DUB activity

toward K125/127/129ub1 requires the presence of an auxiliary

ubiquitin somewhere on the nucleosome (i.e., the preferred

substrate is a nucleosome that is multi-monoubiquitylated)

(Uckelmann et al., 2018). The specificity of the auxiliary site

has not been defined, but this suggests that USP48 may be a DUB

for certain histone ubiquitylation sites and a reader for others.

The requirement for an auxiliary ubiquitin may add an additional

layer of regulation to the DNA repair response by allowing

crosstalk between multiple ubiquitylated sites.

2.3 H2Aub1 summary

Detailed study of H2Aub1 readers has solidified the roles of

these modifications as chromatin binding determinants,

enhancing the affinity of a variety of factors (chiefly

facultative heterochromatin proteins or DNA repair proteins)

for specific genomic sites. For H2AK119ub1, a key issue moving

forward is the extent to which readers outside of the Polycomb
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group of regulators contribute to its functions. Further

illumination of the roles of the more recently discovered

H2Aub1 modifications in the DNA damage response is also

of great interest.

3 Histone H2B ubiquitylation

Histone H2B monoubiquitylation (H2Bub1) marks

transcribed genes in all eukaryotes, suggesting that it is a

fundamental feature of RNAPII transcription (Nickel et al.,

1989; Tanny, 2014). The strong evolutionary conservation

contrasts with ubiquitylation of H2A, which is absent in

unicellular eukaryotes. The predominant form of H2Bub1 is

modified on a conserved lysine corresponding to K120 in

human H2B; this residue is in the H2B C-terminal helix,

which, in the context of the nucleosome, is positioned on the

nucleosome surface adjacent to the H2A/H2B acidic patch.

H2Bub1 is catalyzed by the E2 ubiquitin-conjugating enzyme

RAD6 and a dimeric E3 ligase complex composed of orthologs of

yeast BRE1 (the RNF20/40 heterodimer in humans) (Robzyk

et al., 2000; Hwang et al., 2003; Fuchs and Oren, 2014). These

enzymes deposit H2Bub1 during the elongation phase of RNAPII

transcription. The precise mechanisms that underlie this co-

transcriptional process are still being elucidated, but it is clear

that H2Bub1 is deposited through action of the core RNAPII

transcription elongation machinery. The key molecular events

are thought to be the following: phosphorylation of Spt5 by

positive transcription elongation factor b (P-TEFb), binding of

phosphorylated Spt5 by the elongation factor Rtf1, and

stimulation of H2Bub1 catalysis through interactions between

Rtf1, Rad6, and the H2A/H2B acidic patch (Tanny, 2014; Van

Oss et al., 2016; Cucinotta et al., 2019). Polymerase Associated

Factor (PAF) complex is important for stabilizing

Rtf1 interaction with the elongating RNAPII (Mbogning et al.,

2013; Cao et al., 2015; Van Oss et al., 2016). H2Bub1 is rapidly

turned over during transcription and various DUBs have been

implicated in this, most notably the DUB module of the SAGA

co-activator complex (Morgan et al., 2016).

Although the functions of H2Bub1 during transcription are

not fully understood, it clearly plays important gene regulatory

roles. Ablation of H2Bub1 impairs embryonic development in

the mouse and prevents stem cell differentiation (Fuchs et al.,

2012; Karpiuk et al., 2012). Furthermore, altered H2Bub1 levels

are associated with various cancers (Tarcic et al., 2016, 2017;

Marsh and Dickson, 2019). Some of these effects are likely

attributable to the direct link between H2Bub1 and histone

methyltransferases specific for lysines 4 and 79 on histone H3

(H3K4 and K79 methylation) (Chandrasekharan et al., 2010).

Like H2Bub1, these methylations are near-universal features of

transcribed chromatin with key roles in embryonic development

and cell growth (Shilatifard, 2012; Tanny, 2014; Krivtsov et al.,

2017). H2Bub1 also acts independently of histone

H3 methylation; relevant readers for these functions have not

been identified (Tanny et al., 2007; Fleming et al., 2008; Minsky

et al., 2008; Chandrasekharan et al., 2010). As there is significant

evidence pointing to a role for H2Bub1 in regulating nucleosome

structural transitions that accompany transcription, we highlight

connections to ATP-dependent chromatin remodeling factors

and chromatin assembly factors that may help to mediate these

functions (Table 1).

3.1 Dot1L

The requirement of H2Bub1 for H3K4 and K79 methylation

was the first example of regulatory crosstalk between

modifications on different histone tails (Chandrasekharan

et al., 2010). It was first established genetically in budding

yeast; in this system, methyltransferase activity for H3K4 and

H3K79 reside in one enzyme for each site (Set1 and Dot1,

respectively). Subsequent work revealed a similar dependency

in other organisms, although the presence of multiple

H3K4 methyltransferases in metazoans complicates this

picture. Recent biochemical experiments have demonstrated

that H2Bub1 nucleosomes are the preferred substrate for

Dot1 family H3K79 methyltransferases (comprising all known

methyltransferases for this site), Set1 family

H3K4 methyltransferases, and MLL family

H3K4 methyltransferases. However, the magnitude of the

stimulation conferred by H2Bub1 varies across different

enzymes and experimental conditions (Wu et al., 2013; Xue

et al., 2019; Kwon et al., 2020). Generally, MLL family

methyltransferases exhibit smaller effect sizes than either

Dot1 or Set1 enzymes.

H3K79 methylation is distributed in transcribed regions of

genes in a pattern similar to that for H2Bub1 (Vlaming and van

Leeuwen, 2016). H3K79 is located within the globular domain of

histone H3 and is positioned on the nucleosome surface,

suggesting physical proximity with H2Bub1 that would lend

itself to H2Bub1-H3K79me crosstalk. Cryo-EM-derived

structures show that the C-terminal portion of bound Dot1L

(the human Dot1 ortholog) engages ubiquitin and the H2A/H2B

acidic patch (Anderson et al., 2019; Jang et al., 2019; Valencia-

Sánchez et al., 2019; Worden et al., 2019). Ubiquitin binding

involves evolutionarily conserved helix and loop regions in

Dot1L; these define a novel ubiquitin-binding motif that

contacts a non-canonical hydrophobic patch on the ubiquitin

moiety centered on Ile36. An invariant arginine adjacent to the

ubiquitin-binding region is inserted into the acidic patch.

Comparison with a structure of Dot1L bound to an

unmodified nucleosome shows that the acidic patch

interaction is maintained, and biochemical analyses have

shown that Dot1L binds unmodified and

H2Bub1 nucleosomes with similar affinities (McGinty et al.,

2008; Valencia-Sánchez et al., 2019; Worden et al., 2019).
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However, bound Dot1L exhibits greater conformational

flexibility on unmodified nucleosomes than on

H2Bub1 nucleosomes, as indicated by cryo-EM and by site-

specific crosslinking studies (Zhou et al., 2016; Valencia-Sánchez

et al., 2019). H2Bub1 restricts this flexibility, allowing formation

of a Dot1L-nucleosome complex that is compatible with activity.

Interestingly, H2Bub1 is necessary, but not sufficient, for Dot1L

activation. Transition to the active state also requires positioning

of the Dot1L catalytic site through interaction with the

N-terminal tail of histone H4, as well as a conformational

change in histone H3 that positions the H3K79 side chain for

catalysis. Although binding to H2Bub1 does not contribute to

Dot1L affinity for the nucleosome, the binding energy derived

from this interaction may pay for the conformational change that

is necessary for activity (Worden et al., 2019).

3.2 COMPASS

H2Bub1 is also required for H3K4 di- and tri-methylation

(H3K4me2/3), marks that are near-universal features of

eukaryotic promoters. COMPASS family

H3K4 methyltransferase complexes contain a catalytic subunit

related to yeast Set1 and several auxiliary subunits, all of which

are conserved from yeast to humans. Cryo-EM structures of yeast

COMPASS bound to an H2Bub1 nucleosome were determined

using a catalytically competent version of COMPASS which

recapitulates H2Bub1 dependence in vitro (but lacking the

N-terminal half of Set1 and two auxiliary subunits).

COMPASS engages one surface of the nucleosome, with

Set1 and Swd1 (ortholog of mammalian RBBP5) subunits

making extensive contact with ubiquitin (Hsu et al., 2019;

Worden et al., 2020) (Figure 3A). The tail of histone H3 loops

between the gyres of the DNA superhelix to position H3K4 in the

Set1 active site. Set1 interacts with ubiquitin via an alpha helix

that includes the arginine-rich motif (ARM); this region of the

protein is immediately adjacent to the catalytic SET domain and

has been implicated in H2Bub1-dependent activity in

biochemical assays (Kim et al., 2013). The hydrophobic

C-terminal end of the ARM helix engages the Ile36 patch of

ubiquitin, whereas the N-terminal portion of the helix extends

over the nucleosome surface and makes electrostatic contact with

the H2A/H2B acidic patch (Figure 3A, right). Swd1 is a key

organizing component of COMPASS, making contacts with

almost all the other subunits. In the nucleosome bound

complex, the central ß-propeller domain of Swd1 interacts

with all four core histones and with DNA, whereas the N-

and C-terminal extensions contact the Ile44 hydrophobic

patch of ubiquitin.

As is the case for Dot1L, H2Bub1 does not alter COMPASS

binding affinity for nucleosomes, suggesting that H2Bub1 affects

COMPASS catalytic activity (Worden et al., 2020). A comparison

to the structure of COMPASS bound to an unmodified

nucleosome reveals that although the overall structures are

very similar, H2Bub1 induces folding of the C-terminal half of

the ARM helix. This is associated with stabilization of the

N-terminal portion of the SET domain and the

H3 N-terminus in the active site, likely facilitating catalysis

(Hsu et al., 2019).

3.3 MLL complexes

MLL complexes are unique to metazoans and are organized

around an MLL H3K4 methyltransferase subunit, so named for

the involvement of these factors in mixed lineage leukemia.

FIGURE 3
H2Bub1 recognition by COMPASS and MLL
H3K4 methyltransferase complexes. (A) Left: Cartoon illustration
of the cryo-EM structure of COMPASS bound to a
H2Bub1 nucleosome (based on Hsu et al., 2019; Worden
et al., 2020). The catalytic SET domain of Set1 and the Swd1 subunit
are highlighted. The ARM helix is shown extending from the SET
domain and contacting H2Bub1 and the acidic patch. The
N-terminal tail of histone H3 is shown as a dashed line, with
H3K4 engaged in the Set1 catalytic site. Right: Pymol rendering of
the cryo-EM structure (PDB code 6VEN). Set1, Swd1, and ubiquitin
components are coloured; additional auxiliary subunits are white.
The ARM helix is indicated. (B) Left: Cartoon illustration of the
cryo-EM structure of the MLL1 complex bound to a
H2Bub1 nucleosome (based on Xue et al., 2019). The catalytic SET
domain of MLL1 and the RBBP5 subunit are highlighted. The
N-terminal tail of histone H3 is shown as a dashed line, with
H3K4 engaged in the MLL1 catalytic site. Right: Pymol rendering of
the cryo-EM structure (PDB code 6KIU). MLL1, RBBP5, and
ubiquitin components are coloured; additional auxiliary subunits
are white. See text for details. Created with BioRender.com.
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Catalytic subunit aside, MLL complexes have a similar

composition to COMPASS, including several shared auxiliary

subunits (Krivtsov et al., 2017). These conserved subunits

(WDR5, RBBP5, ASH2L, and DPY30), along with the

MLL1 SET domain, constitute a fully active form of the

MLL1 complex that was analyzed by cryo-EM. Structures of

the complex bound to an H2Bub1 nucleosome have revealed a

key role for RBBP5 in nucleosome and ubiquitin recognition

(Figure 3B). This is similar to its role in COMPASS complexes,

albeit with a distinct mode of ubiquitin binding (Xue et al., 2019).

In the MLL1 structure, a helical insertion within the ß-propeller

domain packs against the Ile44 hydrophobic patch of ubiquitin,

an interaction that is stabilized by adjacent electrostatic contacts

(Figure 3B, right). There is considerable plasticity in the RBBP5-

H2Bub1 interaction, as alternate ß-propeller surfaces contact

ubiquitin in some cryo-EM images.

The RBBP5 ß-propeller domain contacts the nucleosome

surface in the H2Bub1 nucleosome complex at the H2B-H4 cleft,

with secondary contacts proximal to H3K79 and the H2B C-

terminal helix. The catalytic SET domain of the MLL1 subunit is

also closely engaged with the nucleosome surface through

contacts with the C-terminal helix of histone H2A, with

H3K4 looping between the DNA gyres into the active site (as

observed for COMPASS). In this structure, there is no close

contact between the catalytic domain of the complex and

H2Bub1 (Figure 3B, right). Interestingly, this catalytically

engaged structural arrangement is also observed in some cryo-

EM images of MLL1 complex bound to an unmodified

nucleosome. However, complexes with an unmodified

nucleosome also adopt an alternate conformation (not

observed with H2Bub1 nucleosomes) in which RBBP5 and

MLL1 SET domain are not in close contact with the

nucleosome surface. In this conformation, RBBP5 is pushed

toward the periphery of the nucleosome and primarily

contacts DNA (Xue et al., 2019). Thus, these structures point

to another example of H2Bub1 favoring an active conformation

of an enzyme complex.

3.4 FACT

It is clear that H2Bub1 also functions independently of

H3K4me and H3K79me to regulate gene expression and

chromatin structure, but the relevant mechanisms remain

uncertain. Connections between H2Bub1 and the Facilitates

chromatin transcription (FACT) complex have been

documented in several model systems. FACT is a histone

chaperone complex composed of Spt16 and SSRP1/

Pob3 subunits. Its primary function in vivo is to maintain

nucleosome structure during RNAPII transcription and DNA

replication (Formosa and Winston, 2020). In vitro and in vivo

experiments have demonstrated that RNAPII elongation through

chromatin is associated with removal and re-deposition of H2A/

H2B dimers in transcribed nucleosomes (Belotserkovskaya et al.,

2003; Ramachandran et al., 2017; Yaakov et al., 2021).

Subnucleosomal particles in which one of the two H2A/H2B

dimers is missing (called hexasomes) are intermediates of this

exchange process and are enriched in transcribed genes. RNAPII

elongation is preferentially associated with loss of the promoter-

distal H2A/H2B dimer (Ramachandran et al., 2017). FACT is the

primary histone chaperone implicated in ensuring this exchange

occurs in a manner that preserves genic nucleosome structure

(Ramachandran et al., 2017). Evidence linking H2Bub1 to FACT

includes the following: H2Bub1 occupancy is highly correlated

with that of elongating RNAPII in vivo (Fuchs et al., 2014); loss of

H2Bub1 and FACT both result in disruption of chromatin

structure in gene coding regions (Fleming et al., 2008;

Chandrasekharan et al., 2009; Batta et al., 2011; Murawska

et al., 2020); H2Bub1 stimulates FACT-dependent

transcription through nucleosomes in vitro (Pavri et al., 2006);

H2Bub1 influences FACT-dependent nucleosome assembly

in vitro (Murawska et al., 2020). FACT can also stimulate

deubiquitylation of H2Bub1 by the DUB Ubp10 (Nune et al.,

2019). It remains unclear to what extent FACT acts as a bona fide

H2Bub1 “reader.” The unstructured C-terminal domains of both

Spt16 and SSRP1/Pob3 bind free H2A-H2B dimers in the context

of a partially unfolded nucleosome, an interaction that is thought

to represent a disassembly/reassembly intermediate (Kemble

et al., 2015; Liu et al., 2020; Farnung et al., 2021). These

interactions involve key DNA-binding residues on H2A and

H2B, and likely shield the dimer from DNA interactions that

could interfere with co-transcriptional nucleosome disassembly/

reassembly (Liu et al., 2020). How H2Bub1 may directly impinge

on these interactions is unclear and will require further structural

analysis. In vivo studies in other systems suggest that the

functional similarities of H2Bub1 and FACT could involve

effects on other regulators (Sanso et al., 2012, 2020).

3.5 ATP-dependent chromatin remodelers

H2Bub1 has been implicated in the function of various ATP-

dependent chromatin remodelers. A proteomic approach to isolate

human proteins that bound preferentially to nucleosome arrays

harboring H2Bub1 identified the SWI/SNF complex (Shema-

Yaacoby et al., 2013). SWI/SNF and RNF20/40 were shown to

jointly promote transcription of a subset of genes, but the

mechanistic basis for this, and whether SWI/SNF interaction

with the nucleosome is directly impacted by H2Bub1, have yet to

be established. In vitro, H2Bub1 nucleosomes have been shown to be

refractory to remodeling by several ATP-dependent remodelers,

including ISWI and, interestingly, SWI/SNF (Dann et al., 2017;

Mashtalir et al., 2021). Follow-up on these studies is needed to

determine the in vivo significance of these effects.

The closest functional relatives to H2Bub1 among ATP-

dependent remodelers are those related to budding yeast
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Chd1. Chd1 and related orthologs are involved in nucleosome

organization within genes, and have regulatory links to H2Bub1

(Hennig et al., 2012; Lee et al., 2012; Pointner et al., 2012; Smolle

et al., 2012; de Dieuleveult et al., 2016). Chd1 also physically

interacts with FACT, and is required for FACT distribution along

transcribed genes (Farnung et al., 2021; Jeronimo et al., 2021). In

vitro assays have demonstrated that Chd1 remodeling activity is

stimulated 2-3 fold by installation of H2Bub1 on at least one of

the two H2A/H2B dimers in the nucleosome (Levendosky et al.,

2016). This suggests that H2Bub1 may stimulate the nucleosome

spacing and positioning function of Chd1 in vivo. However, cryo-

EM structural analysis has shown that this effect is not due a

H2Bub1 “reader” function of Chd1. Chd1 (trapped in a

nucleotide-bound state using ADP-BeF) engages the

nucleosome primarily through contacts with DNA, and

unwraps two helical turns of DNA from one end. DNA

unwrapping depends on bound nucleotide and is thus

associated with the active state of the enzyme. The ATPase

domain contacts the tail of histone H4 (as is observed for

other remodelers) and helix 1 of histone H3, but there is no

direct contact with H2A/H2B dimers or with ubiquitin

(Sundaramoorthy et al., 2018). The basis for the effect of

H2Bub1 on Chd1 activity remains unclear, but may be related

to interactions between the ubiquitin and the unwrapped DNA.

These interactions involve the K48 and R54 residues of ubiquitin

and lead to repositioning of ubiquitin closer to the nucleosome

periphery on the side on which DNA is unwrapped. Thus,

H2Bub1 may enhance Chd1 activity by stabilizing the

unwrapped state. This raises the possibility that H2Bub1 may

affect chromatin remodeling activity independently of dedicated

reader proteins, by influencing the intrinsic stability of

nucleosome remodeling intermediates.

3.6 H2Bub1 summary

H2Bub1 has emerged as an allosteric regulator of multiple

euchromatic histone methyltransferases. Its non-

methyltransferase readers remain poorly defined. Further

investigation of these mechanisms will likely lead to important

insights into co-transcriptional regulation of gene expression.

4 Histone H3 ubiquitylation

Histone H3 ubiquitylation was first identified in vivo in

elongating spermatids of rat testes (Chen et al., 1998), and its

low abundance in somatic cells precluded detailed functional

studies until recently. As is the case for H2Aub1, there is no single

predominant site associated with H3 monoubiquitylation, and it

is catalyzed by multiple E3 ligases. One key emerging function for

H3ub1 is the regulation of heterochromatin formation. Whereas

H2Aub1 regulates PRC-dependent facultative heterochromatin,

H3ub1 has been implicated in constitutive heterochromatin that

requires the DNA methyltransferase Dnmt1 and

H3K9 methylation. This is exemplified in mammalian cells by

the E3 ubiquitin ligase Uhrf1, which ubiquitylates lysines 14,

18 and 23 on H3 to promote recruitment of Dnmt1.

H3K14ub1 also supports heterochromatin formation by

activating H3K9 methyltransferases. In contrast, modification

of H3K23, K36, and K37 by the E3 ubiquitin ligase Nedd4 may

target the histone acetyltransferase GCN5 to stimulate gene

expression (Table 1).

4.1 DNMT1

The DNA methyltransferase DNMT1 is a “maintenance”

methyltransferase: its preferred substrate is unmethylated

cytosine that is paired with a methylated cytosine on the

opposite DNA strand. These “hemi-methylated” substrates

arise during S phase of the cell cycle, immediately after

replication of DNA regions containing methylated cytosines.

This is consistent with the role of DNMT1 in maintaining

DNA methylation through cell division and with its

localization to replication foci in S phase (Leonhardt et al.,

1992; Edwards et al., 2017).

Uhrf1 is the key DNMT1 regulatory factor mediating the

maintenance methylation function of DNMT1 (Nishiyama et al.,

2016). Uhrf1 is a multi-domain protein that includes a ubiquitin-

like domain (UBL), a SET- and RING-associated (SRA) domain

and an E3 RING ubiquitin ligase domain. Each of these domains

promotes DNMT1 function through distinct but inter-related

mechanisms. The UBL domain directly binds the replication foci

targeting sequence (RFTS) domain of DNMT1. The SRA domain

binds to hemi-methylated DNA; this binding, in conjunction

with the RFTS interaction, restricts DNMT1 activity to hemi-

methylated substrates and enhances its methylation maintenance

function (Avvakumov et al., 2008; Li et al., 2018). Finally, the

E3 RING domain activates and recruits DNMT1 by

ubiquitylating histone H3, expanding the catalog of enzyme

regulatory functions for histone ubiquitylation (Nishiyama

et al., 2013; Qin et al., 2015).

Uhrf1 catalyzes monoubiquitylation of histone H3 on lysines

14, 18, and 23; appearance of these modified forms are dependent

on ongoing DNA replication in a cell-free system derived from

Xenopus oocytes (Nishiyama et al., 2013). Dnmt1 is the reader

for these modifications, and specific binding of Dnmt1 to

ubiquitylated H3 occurs through a consensus UIM found

within the RFTS domain (Nishiyama et al., 2013; Qin et al.,

2015). The preferred binding target of this UIM is a doubly

monoubiquitylated form of the histone H3 tail, indicating that it

engages two ubiquitin moieties simultaneously (Ishiyama et al.,

2017). X-ray crystal structures of the human Dnmt1 RFTS

domain bound to the histone H3 tail monoubiquitylated at

lysines 18 and 23 reveals that the UIM takes the form of an
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extended loop (the ubiquitin recognition loop or URL)

sandwiched between the two ubiquitins (Ishiyama et al., 2017;

Li et al., 2018) (Figure 4). Hydrophobic residues on one side of

the URL contact both the Ile44 patch and the Ile36 patch of

H3K18ub1. The opposite side of the URL contacts an atypical

interaction surface on H3K23ub1 consisting of Lys48 and Gln49,

whereas the Ile44 patch of this ubiquitin is contacted by RFTS

hydrophobic residues adjacent to the UIM. Interestingly, the

RFTS domain also interacts with other parts of the H3 tail, as

does H3K23ub1. The H3 tail is well-resolved in the structure and

adopts a kinked conformation with a sharp (>90°) turn at

Gly12 and Gly13. H3 residues N-terminal to this wind

through a cleft between the RFTS (a region C-terminal to the

URL) and H3K23ub1 (Ishiyama et al., 2017) (Figure 4). Thus, the

DNMT1 ubiquitylated histone reader interaction involves a

network of contacts between the RFTS domain, two adjacent

ubiquitin moieties, and the histone H3 tail.

RFTS binding to H3ub not only targets Dnmt1 to S-phase

chromatin, but also alleviates autoinhibitory binding of RFTS to

the Dnmt1 catalytic pocket (Li et al., 2018). An independent

interaction of RFTS with the UBL domain of Uhrf1 has a similar

dual role, arguing that Uhrf1 employs multiple mechanisms to

ensure Dnmt1 is specifically active at sites of DNA replication.

4.2 H3K9 methyltransferases

Uhrf1 also restricts Dnmt1 action to heterochromatic regions

of the genome. This occurs through interaction between the

Uhrf1 tandem Tudor domain (TTD) and methylated H3K9

(H3K9me), the major histone modification associated with

constitutive heterochromatin (Rothbart et al., 2012, 2013).

Proteins related to Heterochromatin protein 1 (HP1) bind to

H3K9me through their chromodomains and create a condensed

chromatin structure through a mechanism that involves liquid-

liquid phase separation (Larson et al., 2017; Strom et al., 2017;

Sanulli et al., 2019). In mammalian cells, there are 5 different

SET-domain containing methyltransferases that deposit

H3K9me (SETDB1, SUV39H1, SUV39H2, GLP, and G9a).

However, in fission yeast, there is only a single

H3K9 methyltransferase, Clr4. Interestingly, Clr4 is found in a

complex (the Clr4 methyltransferase complex or CLRC) that also

contains a Cullin-RING ubiquitin ligase, the substrate of which

was recently identified as lysine 14 of histone H3 (Oya et al.,

2019).

H3K14ub1 greatly stimulates the methyltransferase activity

of Clr4 toward H3K9 on the same histone tail in vitro, and

Clr4 preferentially methylates H3K14ub1-containing

nucleosomes (Oya et al., 2019; Stirpe et al., 2021). Biochemical

studies indicate that a region of Clr4 adjacent to the SET domain

(termed the ubiquitin-binding region or UBR), as well as a region

distant from the catalytic domain near the N-terminus, are both

involved in ubiquitin recognition; clarification awaits more

comprehensive structural studies. Notably, a similar effect of

H3K14ub1 is apparent on the activity of the mammalian

ortholog of Clr4, SUV39H1 (at least in vitro), suggesting that

ubiquitin regulation of H3K9me is a conserved feature of

heterochromatin formation (Stirpe et al., 2021).

There are a number of outstanding questions that need to be

resolved to fully appreciate the significance of this mechanism. In

vivo studies in fission yeast show that H3K14ub1 is important at

some, but not all, sites of heterochromatin, and leave open the

possibility that Clr4 could be regulated by other ubiquitylated

substrates (Oya et al., 2019). The effect of H3K14ub1 is selective

in vitro as well: SUV39H1, which has a UBR that is homologous

to that in Clr4, is stimulated by H3K14ub1, but G9a, which lacks

this region, is not (Stirpe et al., 2021). It is also unclear as of yet

what the identity of the relevant H3K14 ubiquitin ligase is in

mammalian cells (although Uhrf1 would seem a promising

candidate).

4.3 Gcn5

Nedd4-catalyzed H3 ubiquitylation has been associated with

promoting transcriptional activation (Zhang X. et al., 2017).

Upon glucose stimulation, Nedd4 catalyzes

monoubiquitylation at multiple sites on H3 including lysines

FIGURE 4
The DNMT1 RFTS domain reads a multi-monoubiquitylated
histone H3 tail. Top: Cartoon illustration of the X-ray crystal
structure of the DNMT1 RFTS domain bound to H3K18/K23ub1
(based on Ishiyama et al., 2017). The ubiquitin-binding URL is
depicted projecting from the RFTS between the two ubiquitin
moieties. The C-terminal end of the H3 tail was not visible in the
structure and is shown as a dashed line. Close contact between the
RFTS, the H3 tail, and H3K23ub1 is shown. Bottom: Pymol
rendering of the X-ray crystal structure (PDB code 5WVO). See text
for details. Created with BioRender.com.
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23, 36, and 37. Loss of this activity is associated with a decreased

expression of glucose-regulated genes and decreased levels of

H3 acetylation, specifically at lysines 9 and 14 (K9/K14). This was

shown to reduce tumour formation in cellular models. Crosstalk

between H3 ubiquitylation and H3 acetylation was specifically

linked to the histone acetyltransferase (HAT) Gcn5, which is

known to preferentially acetylate H3K9/K14. When mutated, the

loss of Gcn5 phenocopies the loss of Nedd4 and

H3 ubiquitylation. Co-immunoprecipitation and in vitro

assays showed that Gcn5 preferentially interacts with

monoubiquitylated H3. The mechanistic basis for H3ub-

dependent stimulation of Gcn5 has yet to be determined and

awaits more detailed biochemical analyses.

4.4 H3ub1 summary

By virtue of its interaction with Dnmt1, H3ub1 has emerged

as an important regulator of constitutive heterochromatin

formation in metazoans. Further investigation of

H3ub1 regulation of histone H3 lysine 9 methyltransferases

may reveal an even broader heterochromatin function. It will

also be of interest to determine the extent to which other

H3ub1 modifications could have roles in gene activation.

5 General conclusion and
perspectives

We have highlighted diverse modes of ubiquitylated histone

recognition by structurally distinct reader proteins. Three

common themes have emerged from the in-depth biochemical

and structural analyses that will be useful in guiding future

studies of this important class of regulators.

Ubiquitylated histone readers also
recognize other sites on the nucleosome

Binding specificity of histone methylation or acetylation

readers is dictated by the presence of the modification and the

amino acids surrounding the modified site. However, the affinity

of reader domains for isolated histone tails is often weak: Kd

values for these interactions commonly reach the millimolar

range. Investigation of reader interactions with modified histones

in the context of the nucleosome have demonstrated that several

reader proteins interact with nucleosomal DNA cooperatively

with the modified histone tail, suggesting that singular

interaction of a reader with a modified histone is not

sufficient to drive physiological interactions on chromatin

(Musselman et al., 2014; Morrison et al., 2017). Readers of

histone ubiquitylation exhibit similar cooperativity, engaging

ubiquitin together with the nucleosome while exhibiting little

affinity for free ubiquitin. The most common cooperative

interaction of this type involves ubiquitylation of histone H2A

or H2B and the H2A/H2B acidic patch on the nucleosome

surface. This has been most clearly defined for readers of

H2AK15ub1, which have a UDM consisting of separable but

linked motifs recognizing either ubiquitin or the acidic patch

(53BP1, RNF169, RAD18) (Panier et al., 2012; Mattiroli and

Penengo, 2021). The acidic patch also serves as a critical partner

in ubiquitylated histone recognition by a more loosely associated

group of readers, each with unique structural determinants for

ubiquitin and nucleosome recognition. These include

H2Aub1 readers BARD1 and Jarid2, as well as

H2Bub1 readers Dot1L and Set1 (Cooper et al., 2016; Worden

and Wolberger, 2019; Hu et al., 2021). The strong association

between H2Aub1/H2Bub1 recognition and the acidic patch

suggests that these modifications may have more general roles

in modulating the function of factors that engage this feature of

the nucleosome surface. Expanded investigation of such factors,

which continue to be identified through biochemical and

proteomic studies, could point to new readers for histone

ubiquitylation (Skrajna et al., 2020).

Studies thus far indicate that H3ub1 recognition only

involves the H3 tail. The RFTS domain of Dnmt1 binds to

free ubiquitin, as well as to the ubiquitylated H3 tail,

consistent with the idea that it relies on binding determinants

centered on the ubiquitylated site itself (Qin et al., 2015; Ishiyama

et al., 2017). Ubiquitin also influences the activity of Clr4 in the

context of the isolated H3 tail (Stirpe et al., 2021). It remains to be

seen whether further study of these readers in a nucleosome

context will capture additional important interactions.

Histones and DNA can participate in
ubiquitin recognition

An intriguing feature of some of the complexes with

ubiquitylated histones is that the ubiquitin moiety itself

contacts histones or nucleosomal DNA. H2AK15-linked

ubiquitin contacts the H2B C-terminal helix when bound to

the 53BP1 UDR or BARD1 BRCT domains (Wilson et al., 2016).

H2B-linked ubiquitin contacts DNA unwrapped from the

nucleosome by Chd1, whereas H3K23ub1 interacts with the

H3 N-terminal tail when bound to the DNMT1 RFTS domain

(Ishiyama et al., 2017; Sundaramoorthy et al., 2018). These

interactions result from the specific biochemical context of the

relevant complexes, but hint at the possibility that, under certain

circumstances, ubiquitylated histones can alter chromatin

structure on their own, independently of downstream readers.

There is support for this idea from studies examining the effect of

H2Bub1 on the biophysical properties of nucleosomes and

nucleosome arrays in vitro. H2Bub1 decompacts nucleosome

arrays, as assessed by analytical ultracentrifugation analysis; this

effect was not observed with Hub1, a ubiquitin-like modifier
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protein that is not conjugated to histones in cells (Fierz et al.,

2011). Decompaction is mediated by an acidic surface on

ubiquitin (Glu16 and Glu18) that drives ubiquitin-ubiquitin

electrostatic interaction (Debelouchina et al., 2017). Moreover,

the intrinsic stability of nucleosomes has been shown to be

enhanced by H2AK119ub1 and reduced by H2Bub1, although

conflicting data from various studies preclude drawing a

definitive conclusion (Fierz et al., 2012; Krajewski et al., 2018;

Xiao et al., 2020). Nonetheless, these results demonstrate that

direct interaction of ubiquitin with chromatin has potential

functional consequences. Going forward, it will be important

to evaluate more thoroughly their significance in vivo.

Biochemical outcomes of reader
interactions are different for different
ubiquitylated histones

H2Aub1 enhances the affinity of its cognate reader proteins for

the nucleosome. This has been studied extensively for readers of

H2AK15ub1, establishing this modification and its readers as focal

points in bringingmediators of theDNAdamage response to sites of

damage in vivo (Mattiroli and Penengo, 2021). Reader interactions

with H2AK119ub1 are less well defined, but the evidence clearly

points to enhanced affinity of Jarid2 for the nucleosome as

important for the biological effects of H2AK119ub1 (Kalb et al.,

2014a; Cooper et al., 2016). From this perspective, H2Aub1 readers

align with previously defined readers of H3 and H4 tail

modifications such as acetylation and methylation, which serve

as binding sites for discrete protein modules. H3ub1 enhances

affinity of the interaction of the DNMT1 RFTS domain with the

H3 tail, suggesting that H3ub1 readers may be similarly classified

(Ishiyama et al., 2017). In contrast, H2Bub1 does not enhance the

affinity of interaction of COMPASS,MLL complexes, or Dot1L with

the nucleosome, and instead acts allosterically, stabilizing active

enzyme conformations (Worden and Wolberger, 2019). This sets

H2Bub1 readers apart in a unique class, not only among readers of

ubiquitylated histones but among histone modification readers in

general. The notion that histone modifications act as allosteric

modulators of reader proteins suggests that approaches aimed at

identification and characterization of reader proteins need to

encompass nuanced, in-depth analyses that go beyond

interaction affinity.

Histone ubiquitylation has a clear connection to human

disease, as demonstrated by the gain of H2Aub1 and loss of

H2Bub1 in various malignancies (Marsh and Dickson, 2019). As

reader interactions with histone modifications emerge as

druggable targets in human disease (Arrowsmith and

Schapira, 2019), further study of histone ubiquitylation

readers and their regulatory mechanisms is likely to result in

clinically translatable insights.
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