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egulation of  Setl-COMPASS-
ediated H3K4 methylation and
Dotl-mediated H3K79 methylation by
H2BK123 ubiquitination (H2Bubl) is
an evolutionarily conserved trans-his-
tone crosstalk mechanism. How H2Bubl
impacts chromatin structure and affects
Set1-COMPASS/Dotl has
not been fully defined. Ubiquitin was
proposed to bind proteins to physically
bridge H2Bubl with Set1-COMPASS/
Dotl. Alternatively, the bulky ubiqui-
tin was thought to be a “wedge” that

functions

loosens the nucleosome for factor access.
Contrary to the latter possibility, recent
discoveries provide evidence for nucleo-
some stabilization by H2Bubl via pre-
venting the constant H2A-H2B eviction.
Recent data has also uncovered a “dock-
ing-site” on H2B for Setl-COMPASS.
Collectively, these findings invoke a
model, where ubiquitin acts as a “glue”
to bind the nucleosome together for sup-
porting  Set1-COMPASS/Dotl

tions. This review provides an overview

func-

of these novel findings. Additionally,
how H2Bubl and its deubiquitination
might alter the chromatin dynamics dur-
ing transcription is discussed. Possible
models for nucleosome stabilization by
ubiquitin are also provided.

Introduction

Eukaryotic DNA is compressed within
the nucleus by virtue of its tight packag-
ing into chromatin, which is made up
of repeating units called nucleosomes.
Each nucleosome is comprised of ~147
bp of DNA wrapped around a histone
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octamer, containing a tetramer core of
H3-H4 dimers flanked by two H2A-
H2B dimers.! Post-translational histone
modification is one of the mechanisms
employed by cellular processes to remodel
chromatin and gain access to the underly-
ing DNA template.”? Histones undergo a
wide variety of reversible covalent modi-
fications, including arginine (R) meth-
ylation, serine/threonine phosphorylation
and several types of modifications on their
lysine (K) residues (acetylation, meth-
ylation, ubiquitination, sumoylation and
ADP-ribosylation).>*> Histone modifica-
tions act as binding sites for specialized
recognition modules on effector proteins,
which either directly or indirectly alter
the nucleosome or chromatin structure.®’
Alternatively, some modifications can
directly affect the chromatin structure by
charge neutralization (e.g., H4K16 acety-
lation).® In a complex regulatory network,
termed as a “crosstalk”, modification on
one histone can either support or prevent
the establishment of another modifica-
tion within the same histone (in cis) or
at a distant site on a different histone (in
trans).”" In budding yeast, H3K4 meth-
ylation is affected in cis by H3R2 meth-
ylation’ and in a trans-histone crosstalk,
both H3K4 and -K79 methylation are
regulated by H2BKI123 ubiquitination
(H2Bub1)'* (Fig. 1). In recent years,
this trans-histone pathway has garnered
much attention, since both H3K4 and
-K79 methylation have been implicated to
play a role in many nuclear processes, such
as transcription (activation/repression),
replication, recombination and repair.!*"
Considerable information from different
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Figure 1. The trans-histone crosstalk between histone H2B ubiquitination and H3K4/-K79
methylation in budding yeast. A simulated structure for an ubiquitinated nucleosome is shown by
placing the C-terminal residue of ubiquitin (PDB: TUBQ) close to lysine 123 (K123) of H2B present in
the yeast nucleosome (PDB 11D3; H3, pale blue; H4, pale green; H2A, pale pink; H2B, pale yellow).
Radé6 (the ubiquitin-conjugating enzyme) and Bre1 (the E3 ligase) conjugate ubiquitin onto

K123 in the H2B C-terminal helix. The conjugated ubiquitin is removed by two deubiquitinases,
Ubp8 and Ubp10. Histone methyltransferases Set1 and Dot1 catalyze mono- (mef), di- (me2) and
trimethylation (me3) of H3 K4 and K79 residues, respectively. Set1 is present in a multi-protein
complex (COMPASS) along with seven subunits, which regulate the complex stability, integrity

model systems has been gathered regard-
ing the catalytic enzymes and factors that
regulate the addition and removal of these
modifications.”*'*!* However, the fun-
damental mechanism by which H2Bubl
regulates H3K4 and -K79 methylation has
remained elusive. Although H2B ubiquiti-
nation was discovered some 30 years ago,”
whether conjugation of ubiquitin onto
H2B has any effect on nucleosome struc-
ture has remained a longstanding question
in chromatin biology. Here, we will focus
on recent findings that revealed a novel
role for H2Bubl and its deubiquitination
in the dynamic regulation of nucleosome
stability and chromatin structure, and
the implications of this regulation on the
trans-histone H3 methylation.

The Trans-Histone Crosstalk
Between H2Bub1
and H3K4/-K79 Methylation

In budding yeast, the ubiquitin-conjugat-

ing enzyme Rad6 and the E3-ligase Brel
covalently attach ubiquitin onto K123 in
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H2B.'»'31¢ H3K4 and -K79 methylation
can exist in mono- (mel), di- (me2) or tri-
methylated (me3) state and are catalyzed
by methyltransferases Setl and Dotl,
respectively. While Dotl is a stand-alone
enzyme, Setl associates with regulatory
subunits to form a multi-protein complex
(COMPASS)*" (Fig. 1). Yeast mutants
lacking H2Bubl (rad6A, brelA or ubiq-
uitination-site  mutant, H2B-KI23R)
revealed the presence of a trans-histone
crosstalk  pathway, since H3K4me2,
H3K4me3 and H3K79me3 are abol-
ished in the absence of H2Bubl.'»!¢
Additionally, H3K4mel and H3K79me2
are also severely reduced. In contrast,
increase in H2Bubl levels, due to the
loss of H2Bubl-specific deubiquitinases
(Ubp8 and Ubpl0), causes an increase in
H3K4 and -K79 methylation.'®

Understanding the Language
of the Trans-Histone Crosstalk

Models proposed to explain the mechanism

of H2Bubl-mediated H3K4 and -K79
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POINT-OF-VIEW

methylation include a possibility, where
the conjugated ubiquitin acts as a “bridge”
to directly recruit the methyltransferases.?!
Since Setl and Dotl associate with chro-
matin even in the absence of H2Bub1,%>%?
their recruitment is not the primary func-
tion of H2Bubl. Alternatively, H2Bubl
might act as a “bridge” to recruit a reg-
ulatory factor to mediate the crosstalk.
Swd2, a Setl-COMPASS component,
has been implicated as a key link between
H2Bubl and H3K4 methylation by two
independent studies. In the first study,
H2Bubl is required for the association of
Swd2 with Setl-COMPASS, and Swd2
was proposed to stimulate Setl activity
via a conformational change resulting
from its direct or indirect interaction with
H2Bubl.* Additionally, Swd2 was also
shown to interact with Dotl and affect
H3K79 methylation. In striking contrast,
a second study suggested that the Rad6/
Brel-mediated H2Bubl leads to Swd2
ubiquitination and the subsequent recruit-
ment of Sppl (a COMPASS subunit
required for H3K4me3) stimulates the
catalytic activity of Setl.”> However, Sppl
interacts with chromatin independent of
H2Bubl.?® Therefore, given the conflict-
ing findings of these two studies, precisely
how Swd2 participates in the crosstalk
remains to be ascertained. The 19§ regu-
latory complex of the proteasome has also
been implicated to mediate the trans-his-
tone crosstalk, but the underlying mech-
anism is not understood.” Given that
addition of ubiquitin is a relatively bulky
modification and since H2Bubl is closely
associated with transcriptionally active
regions, H2Bubl was also postulated to
act as a “wedge” to non-specifically open-
up the chromatin and allow access to the
histone modifying enzymes or their regu-
latory factors.?"?

Holding the Fort: H2Bub1
and Nucleosome Stability

We tested the “Wedge” model by substi-
tuting ubiquitin with a bulkier SUMO
moiety at the H2B C-terminal region
using yeast cells expressing a chimeric
H2B, which was engineered with consen-
sus sumoylation sites in place of the site of

ubiquitination. Although the occupancy
and distribution of the induced H2B
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Figure 2. Model for the dynamic changes in yeast nucleosome stability mediated by H2B ubiquitination and deubiquitination. The innate weak
intra-nucleosomal interactions and the constant H2A-H2B eviction lead to an unstable yeast nucleosome. Conjugation of ubiquitin stabilizes the
nucleosome by negating these destabilizing events. On the contrary, removal of ubiquitin by deubiquitination promotes nucleosome instability.
Stable nucleosome might allow or restrict factor binding to chromatin. By preventing H2A-H2B eviction, H2Bub1 retains the binding surfaces for
Set1-COMPASS in H2A and H2B on chromatin. The composite “docking-site” for Set1-COMPASS on the nucleosome is predicted to be made up of the
three residues in H2A (E65, N69 and D73) and the two experimentally confirmed residues in the H2B C-terminal helix (R119 and T122). Modified from

sumoylation on chromatin were simi-
lar to H2Bubl, it was unable to support
H3K4 and -K79 methylation.” Recently,
McGinty et al. (2009)* also showed
that, unlike semisynthetic ubiquitinated
H2B, sumoylated H2B reconstituted into
nucleosome in vitro does not stimulate
human Dotl(hDotlL)-mediated H3K79
methylation. Therefore, these in vivo and
in vitro studies establish that ubiquitin
does not mediate the trans-histone cross-
talk simply by virtue of its bulkiness.

It has been proposed that H2Bubl
exerts its regulatory functions by affecting
chromatin structure,® but the nature of
this structural change was never defined.
Availability of discrete yeast mutants,
which either completely lack H2Bubl
(rad6A, brelA or H2B-KI123R) or contain
very high levels of H2Bubl (#6p8A and/
or ubplOA), prompted us to reinvestigate
the effect of H2Bubl on overall chroma-
tin structure using micrococcal nucle-
ase (MNase). Surprisingly, high levels of
H2Bubl rendered the chromatin resistant
to nuclease digestion and the absence of
H2Bubl caused increased nuclease sen-
sitivity.”? This finding suggested that,
contrary to its supposed role in opening
up the chromatin, presence of H2Bubl
makes the chromatin compact and in fact,
it is the absence of H2Bubl that leads to
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an “open” or loose chromatin. Correlating
well with this possibility, genes suppressed
by RNF20 (the human homolog of yeast
Brel) are enriched in H2Bubl and are
present in a “closed” or compact chroma-
tin configuration.’? In addition, in vitro
reconstituted  nucleosome  containing
H2Bubl showed significantly slower rate
of DNase I digestion compared to those
containing only H2B.* The decreased
sensitivity to MNase and DNase I diges-
tion in the presence of H2Bubl might
allude to a structural change within the
nucleosome, a likely alteration in the his-
tone-DNA or histone-histone interactions
that restricts nuclease accessibility. Using
salt-dependent  nucleosome  disruption
assays, we confirmed that H2Bubl stabi-
lizes the nucleosome by affecting the elec-
trostatic interactions, since histones were
easily extractable in low salt solutions in
the absence of H2Bub1 and high salt solu-
tions were needed to solubilize H2Bubl-
containing chromatin.”” Our observation
that histone amounts were reduced on
native chromatin in the absence H2Bubl,
but not in ChIP assays (where the chro-
matin is subjected to formaldehyde
cross-linking, which can trap any weak
histone-histone and histone-DNA inter-
actions), further supports the need for
the presence of H2Bubl in stabilizing
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Indeed,

histone amounts were increased on native

intra-nucleosomal interactions.
chromatin in the presence of high levels
of H2Bubl, due to the generally enhanced
nuclesome stability.”” Interestingly, the
ChIP assays also revealed that H2Bubl
stabilizes the nucleosome primarily by
affecting H2A-H2B, since only H2B but
not H3 levels are increased over active and
repressed genes upon increase in H2Bubl
levels.”

Biochemical and structural studies of
the yeast nucleosome have revealed that it
is intrinsically less stable than those from
other eukaryotes®*? (Fig. 2). In addition,
H2A-H2B is constantly evicted from and
reassembled into chromatin in yeast,*®%
even in the absence of DNA replication
and transcription.®® Therefore, based on
these studies and our findings, we propose
that the conjugation of ubiquitin onto
H2B prevents H2A-H2B eviction and
stabilizes the nucleosome, and removal
of the conjugated ubiquitin by deubig-
uitinases causes nucleosome destabiliza-
tion (Fig. 2). Therefore, H2Bubl and its
deubiquitination might function as an
on/off switch similar to histone acetyla-
tion and deacetylation. Interestingly, the
deubiquitinase Ubp8 is part of the SAGA
coactivator complex, which also contains
the histone acetyltransferase Gen5.'®" In
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addition, Rad6 and histone deacetylase
Rpd3 were identified as negative regula-
tors of transcription in a bypass suppres-
sion screen; since the deletion of RADG or
RPD3 could rescue the lethality of BURI
deletion [Burl, a cyclin-dependent kinase
(CDK) required for efficient transcription
elongation by RNA polymerase IT (RNA
Pol II)].** Thus, a scenario can be envis-
aged, wherein histone deubiquitination
and acetylation might function in tandem
to counter the nucleosome stabilized by
histone ubiquitination and deacetylation
during transcription.

Modulation of Chromatin
Dynamics by H2Bub1
and its Deubiquitination
During Transcription

Maintaining the dynamic equilibrium
between ubiquitination and deubiqui-
tination is also critical for cell growth.
Mutations that abolish H2Bubl (4relA,
H2B-KI123R) or lead to high levels of
H2Bubl (ubp8AubplOA) adversely affect
cell growth.?% Microarray-based stud-
ies have shown that both the loss and
excessive levels of H2Bubl can reduce
the transcript levels of several genes.?*44
Additionally, these changes in H2Bubl
levels can also result in de-repression and/
or poor activation of inducible genes.?**!
Therefore, H2Bubl plays both positive
and negative roles in the regulation of gene
transcription. This leads to the question,
how does the nucleosome stabilization or
destabilization mediated by H2Bub] or its
deubiquitination exert an effect on gene
expression?

H2Bub1 and Transcriptional
Repression

H2Bubl plays a role in the repression of
inducible genes both in yeast and in mam-
mals. In yeast, absence of H2Bubl (rad6A
or H2B-K123R) causes de-repressed tran-
scription of ARGI under non-inducing
condition with a concomitant increase
in TBP binding to the promoter.®® In
contrast, ARGI transcript levels are
reduced by elevated levels of H2Bubl in
ubp8AubplOA.*° Also, the basal expres-
sion of several repressed/inducible genes

(PHO5, GALI and ADH?2) is reduced
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due to increased H2Bubl levels (#6p8A
and/or ubpl0A).***> Correlating well with
these transcript analyses, our ChIP assays
revealed the presence of H2Bubl on the
ARG]I promoter even under non-inducing
condition and the H2B levels on ARGI
TATA region are enhanced when H2Bubl
levels are increased (#bp8A and/or
ubplOA).# Similar results were obtained
for the well-characterized, positioned
nucleosomes that encompass TATA boxes
and/or upstream activating sequences
present in the promoters of PHOS5, GAL10
and ADH2. H2A-H2B is constantly
evicted from and reassembled into the
chromatin of repressed genes even in the
absence of DNA replication.”® This evic-
tion might provide a window-of-opportu-
nity for TBP or activators to gain access
to their binding sites and thereby, allow-
ing basal transcription. Therefore, it can
be envisaged that Rad6/Brel-mediated
H2Bubl might repress the basal transcrip-
tion by stabilizing the nucleosome posi-
tioned over the promoter region to prevent
TBP or activator binding (Fig. 3A). Given
that SAGA complex is involved in the
regulation of these inducible genes,'®%
Ubp8-mediated deubiquitination might
then destabilize the nucleosomes to allow
TBP binding or to promote RNA Pol 11
progression following activation (Fig. 3A).
Brel (hBrel/RNF20) is
involved in the regulation of epidermal

Human

growth factor (EGF) inducible genes and
in the constitutive suppression of a subset
of genes that includes proto-oncogenes
(c-mycand c-fos).>* The RNF20-suppressed
genes contain high levels of H2Bubl,
H3K4me3, H3K9/14ac (“marks” of tran-
scription) and RNA Pol II occupancy, and
are significantly enriched in compact chro-
matin (Fig. 3B). These observations have
led Shema et al. (2008)* to propose that
even though the RNF20-suppressed genes
are in a transcriptional “on” state, the
unfavorable chromatin structure, presum-
ably mediated by H2Bubl, likely hinders
transcription leading to polymerase paus-
ing. The human homolog of yeast Ubp8
(USP22 in human SAGA) is also involved
in the regulation of inducible genes, as
seen from its role in androgen receptor-
and estrogen receptor-mediated trans-
activation.® Collectively, based on these
observations, Espinosa (2008) proposed
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a model, wherein USP22 might deubig-
uitinate H2Bubl in RNF20-suppressed
genes including the EGF-inducible genes,
and promote RNA Pol II progression.
Based on our findings, it is tempting to
further speculate that H2Bubl stabilizes
the nucleosomes in RNF20-suppressed
genes to maintain the “closed”/compact
chromatin, which results in a paused RNA
Pol II. Subsequently, in the presence of the
ligand, deubiquitination of H2Bubl by
USP22 might destabilize the nucleosome
allowing the promoter escape or progres-
sion of RNA Pol II into the elongation
phase (Fig. 3B).

H2Bub1 and Transcriptional
Elongation

Both Rad6/Brel and Ubp8 are recruited to
the coding regions of genes.” Moreover,
their mutations confer slow growth in
the presence of 6-azauracil (indicative of
transcriptional elongation defects)¥“® and
reduce the expression of several subsets of
genes.”? Therefore, maintenance of the
equilibrium between the multiple rounds
of ubiquitination and deubiquitination of
H2B is critical for the efficient progression
of transcription. Increased H2Bubl levels
in u#bp8A causes an increase in H2B levels
across the transcribed regions, but not in
the promoters of constitutively expressed
genes,” suggesting that nucleosome sta-
bilization and destabilization also occurs
during transcription elongation. H2Bubl
also affects transcription elongation and
chromatin architecture by regulating the
nucleosome assembly/disassembly func-
tions of the histone chaperone FACT
(comprised of Spt16 and Pob3).”>° A sta-
ble nucleosome would pose a formidable
barrier to RNA Pol II progression. This
raises the question, how does H2Bubl
stabilize nucleosomes and yet, facilitates
transcription elongation?

Nucleosomes immediately adjacent
to the transcribing RNA Pol II might
be inherently highly unstable, as they
undergo constant histone eviction and
deposition, and are subjected to the tor-
sional stress imposed by the ongoing
transcription. The following model can
be proposed for the function of H2Bubl
during elongation (Fig. 4): Rad6/
Brel-mediated H2Bubl might initially
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Figure 3. Model for the regulation of inducible gene expression by H2B ubiquitination and deubiquitination. (A) In budding yeast, conjugation of
ubiquitin prevents H2A-H2B eviction and stabilizes the nucleosome positioned over the promoters of inducible genes in repressed state. The stable

nucleosome might restrict the binding of activators (Act) and/or the TATA binding protein (TBP) to their cognate sites and prevents basal transcription.
Following induction, DNA-bound activators recruit the SAGA complex containing the deubiquitinase Ubp8. Removal of the conjugated ubiquitin by
Ubp8 causes nucleosome instability and promotes nucleosome disassembly by histone chaperones and/or other remodeling machineries. In turn, this
allows the binding of TBP and recruitment of RNA Pol Il for activated transcription. UAS, upstream activating sequence; TATA, the TATA box; INR, initia-
tor sequence. (B) In mammals, inducible genes repressed by the E3 ligase RNF20 contain high levels of H2Bub1 and a poised RNA Pol Il, and are en-
riched in the “marks” of active transcription [H3K9/14 acetylation (Ac, yellow circle) and H3K4me3 (cyan flag)]. H2Bub1 occupancy is high immediately
downstream of the transcription start site and RNF20-repressed genes are in “closed”/compact chromatin configuration. Therefore, H2Bub1 mediated

by RNF20 and possible E2-conjugating enzymes (UbcH6 or human homolog of Rad6, HR6A/B) might stabilize the nucleosome (PDB: 1KX5) and block
transcription. USP22, the deubiquitinase in human SAGA (hSAGA), is required for the activation of many inducible genes. Therefore, following induc-
tion by activating stimuli, activators recruit hSAGA to the promoters of RNF-20 repressed genes to remove H2Bub1 and destabilize the nucleosome.
This is followed by nucleosome disassembly, which results in “open”/loose chromatin formation. Removal of the stable “impeding” nucleosome allows
the progression of paused RNA Pol Il into the elongation phase. Adapted from Espinosa (2008).*

stabilize the nucleosomes to enhance
Sptl6 binding to chromatin in front of
the polymerase. Deubiquitination by
Ubp8 might then occur to destabilize
the nucleosomes and enhance the disas-
sembly activity of Sptl6 that allows RNA
Pol II progression. Since a single H2A-
H2B dimer is displaced from the nucleo-
some by FACT in vitro,”! it is tempting
to speculate that Ubp8-mediated deu-
biquitination and the disassembly of the
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two H2A-H2B dimers occur in a step-
wise fashion. Subsequently, during the
Spt6 and Sptl6-mediated nucleosome
reassembly in the wake of RNA Pol II
progression,”?**  H2Bubl  stabilizes
the newly deposited nucleosomes. This
step-wise, cyclical event of nucleosome
destabilization-stabilization and nucleo-
some disassembly-assembly is supported
by the observation that chromatin-bound
Sptl6 levels are reduced in the absence of
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H2Bubl and H2Bubl levels are reduced
in an Sptl6 mutant with defective
nucleosome reassembly function.’” Loss
of H2Bubl and/or the reduced histone
deposition by the defective Sptl6 also
result in cryptic transcription initia-
tion from within the coding regions.?”*
Collectively, these findings suggest an
important role for H2Bubl-mediated
nucleosome stabilization in maintaining
the chromatin structure for the fidelity of
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A (i) Control factor access

“(i) Ubiquitination

Figure 4. Model for the regulation of chromatin dynamics by H2B
ubiquitination and deubiquitination during transcription elongation.
(A) Rad6 and Bre1 associate with the Paf1 complex and travel with the
elongating form of RNA Pol I, which is characterized by the phosphory-
lation (red oval) of serine residues in the heptad repeats that constitute
the C-terminal domain (CTD, thick wavy line). (i and ii) Rad6/Bre1-
mediated H2Bub1 stabilizes the nucleosome in front of the polymerase
to counteract any torsional stress and might acts as a “checkpoint” to
coordinate transcription-coupled events, such as, allowing the binding
of Spt16/FACT and restricting Ctk1 binding to chromatin. (B) In (i), Ubp8,
a component of the SAGA sub-complex that travels with RNA Pol Il, re-
moves the conjugated ubiquitin to destabilize the nucleosome. (ii) This
facilitates nucleosome disassembly by Spt16/FACT. (iii) Deubiquitination

M) Deubiquitination

Spt6
FACT

. Spt16

(iii) Prevent cryptic site initiation

(ii) Allow factor access

(i) Nucleosome reassembly

ii) Ubit umnatlon
Radé

Bre1

(iii) Nucleosome
disassembly

by Ubp8 allows association of Ctk1 with chromatin for the phosphory-
lation of serine 2 in RNA Pol I CTD. (C) In (i), nucleosomes are reas-
sembled behind the elongating RNA Pol Il likely by the step-wise initial
addition of H3-H4 by Spt6 followed by the addition of H2A-H2B by
Spt16/FACT. (ii) Rad6/Bre1-mediated H2Bub1 stabilizes the nucleosome
to facilitate nucleosome reassembly and to prevent any backtracking
by RNA Pol II. (iii) Stable nucleosome also prevents any promiscuous
transcription that might occur by the binding of TBP to cryptic TATA-like
sequences within the coding region.

explain the mecha-
nism of RNF20-
mediated gene
repression, it was
proposed that the
“negative effects”
of H2Bubl

as a

acts
“checkpoint”
during the early
stages of elonga-
tion causing RNA
Pol II to pause for
the coordination
of elongation with
RNA processing.*
Based on our find-
ings, it can be
further proposed
that this “nega-
tive effect”, which
includes a
pact
formation, is likely

com-
chromatin

transcriptional initiation and the proper
progression of RNA Pol II (Fig. 4).

Yeast nucleosome is intrinsically less
stable than those from other eukaryotes®*
and 85% of the yeast genome is tran-
scribed, unlike only 30% of the genome
transcribed in humans.”® The high level
of transcription and intrinsic nucleosome
instability might explain the >10% H2B
existing as H2Bubl in yeast as opposed
to the 1-2% H2Bubl in mammals.’® To
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due to the nucleo-

some stabilization
by H2Bubl. RNA Pol II pausing is not
prevalent in yeast.”” However, deubiqui-
tination of H2Bubl by Ubp8 is required
for the chromatin association of Ctkl (a
CDK required during the later stages of
elongation) (Fig. 4), which demonstrates
another regulatory role for H2Bubl dur-
ing transcription.®® Therefore, modulat-
ing and coordinating the FACT-mediated
chromatin dynamics and regulating the
association of factor(s) with chromatin are
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likely to be the “checkpoint” functions for
H2Bubl-mediated nucleosome stability
during eukaryotic transcription.

SETting the Stage
and Connecting the DOTs:
H2Bub1-Mediated
Nucleosome Stability and the
trans-Histone H3 Methylation

Modifications and mutations in the H3
N-terminal residues adjacent to K4 reduce
Setl-COMPASS-mediated  methylation
by affecting the binding of regulatory
subunits or by directly affecting the sub-
strate recognition by the SET domain.’
Alanine-mutagenesis of histones showed
that mutations in three H2A residues
(E65, N69 and D73) and one H2B residue
(R119) affect H3K4 methylation without
affecting the steady state H2Bubl levels.’®
Additionally, we found mutations in two
H2B C-terminal helix residues (H2B-
RI19A and/or H2B-TI122D) increase
global H2Bubl levels, but reduce H3K4
methylation without affecting H3K79
methylation” These H2A and H2B
residues are all present facing away from
the nucleosome core and are easily acces-
sible for interaction (Fig. 2). Therefore,
it can be envisaged that, following H2B
ubiquitination, these H2A and H2B
residues along with the residues in H3
N-terminal tail might constitute a com-
posite interaction surface (“docking-site”)

for the association of Setl-COMPASS
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with chromatin. Indeed, we find H2B
R119 and T122 are the “docking-site” for
Setl-COMPASS on chromatin as they
physically interact with Sppl.”* Moreover,
H2B-R119A and/or H2B-T122D also
affect both global and chromatin-bound
levels of Sdcl, revealing a role for H2B
C-terminal helix in controlling the com-
plex integrity.”” Therefore, it is conceivable
that by preventing H2A-H2B eviction and
enhancing nucleosome stability, H2Bubl
supports the retention of the composite
“docking-site” for Setl-COMPASS on
chromatin (Figs. 2 and 5A). Future inves-
tigations are needed to address whether
the H2A residues affect the binding of
Setl-COMPASS subunits. Unlike H3K4
methylation, Dotl-mediated H3K79
methylation is not reduced in H2B-R1194
and/or H2B-T122D.>° How is this uncou-
pling achieved? First, these residues reside
on a helical phase that faces away from
H3K79 (Fig. 2). Second, they do not
reduce Dotl binding (Chandrasekharan
and Sun, unpublished observation), but
instead serve as a distinct “docking-site”
for only Setl-COMPASS. Collectively,
based on our findings, it can be proposed
that H2Bubl-mediated nucleosome stabi-
lization retains the binding site for Setl-
COMPASS in the H2B C-terminal helix
and supports the stability, integrity and
processivity of Set]l-COMPASS by affect-
ing the chromatin association of its sub-
units, at least in part, by directly affecting
the binding of Sppl (Fig. 5A).

Given the proximity between H3K79
and the H2B C-terminal, several possible
scenarios can be envisioned as to how
H2Bubl-mediated stabil-
ity can support H3K79 methylation by

nucleosome

Dotl. One possibility is that, similar to
Setl-COMPASS, H2Bubl might affect
the chromatin binding of Dotl. However,
this seems unlikely, since the chromatin-
binding and H3K79 methylation of Dotl
is controlled in a novel trans-histone
pathway by the basic patch in the H4
N-terminal tail® and Dotl binds chro-
matin normally even in the absence of
H2Bubl.?* Alternatively, H2Bubl might
control the catalytic functions of Dotl
via an allosteric mechanism. This pos-
sibility stems from the observation that
H2Bubl reconstituted into chemically
defined nucleosome can support the direct
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stimulation of human hDotlL-mediated
H3K79 methylation in vitro.®" It is con-
ceivable that this allosteric change might
be induced by a direct interaction between
ubiquitin and hDotIL. However, free
ubiquitin provided in trans cannot stimu-
late hDotlL-mediated H3K79 methyla-
tion.®' Therefore, an attractive alternative
possibility is that the nucleosome stabi-
lized by H2Bubl might directly induce
an allosteric change in Dotl to support
its ability to catalyze H3K79me2 and
-K79me3 (Fig. 5B). Further studies will
uncover the precise mechanism by which
H2Bub1 stimulates Dotl functions.

Mechanism of Nucleosome
Stabilization by Conjugation
of Ubiquitin onto H2B

At present, it is not known how the conju-
gation of ubiquitin at H2BK123 stabilizes
nucleosomes. However, a recent study
assessing the ability of hDotlL to func-
tion on nucleosomes reconstituted in vitro
using chemically synthesized H2Bubl
provides several valuable insights into
the mechanism.®? First and foremost, the
anomalous gel migration of the nucleo-
somes reconstituted in vitro with H2B
monoubiquitinated at different lysine
residues in its C-terminal helix provides
a compelling evidence that the conju-
gated ubiquitin does affect mononucleo-
some structure and/or surface charge in a
position-dependent manner. Second, the
ubiquitin fold per se is not important, but
a set of charged residues on ubiquitin is
essential for hDotlL function. Moreover,
these residues are not the canonical resi-
dues involved in the interactions between
ubiquitin and ubiquitin-binding proteins.
Third, proximity of the conjugated ubig-
uitin to H2B is also critical, as hDotlL-
mediated H3K79 methylation is reduced
upon altering the length of glycine linker
between ubiquitin and H2B. Collectively,
these observations are consistent with the
two scenarios that were previously pro-
posed:* First, H2Bubl might stabilize the
nucleosome by the interactions of the sur-
face charged residues of ubiquitin with the
DNA and/or the histones. Second, conju-
gation of ubiquitin might indirectly alter
the histone-DNA and/or histone-histone
interactions, in particular, the interactions

Epigenetics

of the “unstable” H2A-H2B dimer with
the DNA and/or the H3-H4 tetramer
core. Further studies are needed to test
these possibilities.

Concluding Remarks

Recent findings of a role for H2Bubl
stability
and chromatin dynamics provide valu-

able insight to the function of this
29,37

in  modulating nucleosome

modification during transcription.
Furthermore, the identification of a dis-
tinct “docking-site” for Setl-COMPASS
on the H2B C-terminal helix sheds light
on the mechanism by which H2Bubl-
mediated nucleosome stabilization con-
trols H3K4 and -K79 methylation.”
Collectively, these studies provide a
novel working model for the regulation
of the trans-histone crosstalk between
H2Bubl and H3K4/-K79 methylation.
Eventually, a solved structure of the
nucleosome containing H2Bubl might
determine any changes in the intra-
nucleosomal interactions that occur upon
conjugation of ubiquitin to H2B. Recent
advances in synthetic protein chemistry
have enabled the production of large
amounts of ubiquitinated H2B contain-
ing nucleosomes and these approaches
hold promise in solving the elusive crys-
tal structure.’®®> Nevertheless,
investigations using the in vitro H2Bubl-
reconstituted nucleosome combined with
the in vivo studies using histone mutants
in yeast should uncover the mechanistic
details of H2Bubl-mediated nucleosome
stabilization and its function in regulat-
ing H3 methylation and gene expression.

future
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Figure 5. Model for the trans-histone crosstalk mechanism between H2Bub1 and H3K4/-K79 methylation. (A) Set1-COMPASS binds to the nucleosome
via the interaction of Spp1 with the H2B C-terminal and likely by other hitherto unknown interactions with H2A. In the absence of H2Bub1, the
constant H2A-H2B eviction and intrinsic nucleosome instability might disrupt or disassemble the composite “docking-site” for Set1-COMPASS on
chromatin, leading to dissociation and/or weakened inter-subunit interactions within the complex and a catalytically-unfavorable conformation

for Set1 (dotted lines). Together, these defects adversely affect the processive H3K4 methylation by Set1-COMPASS. In the presence of H2Bub1,
H2A-H2B eviction is prevented and the stable nucleosome retains the binding surface for Set1-COMPASS on chromatin. This leads to increased
chromatin association, inter-subunit interactions, and overall stability of Set1-COMPASS resulting in high levels of processive methylation. Modified
from Chandrasekharan et al.* (B) Dot1 binds chromatin via the interaction of an acidic patch in its C-terminal region (EDVDE, amino acids 557-561)
with a basic patch in H4 (RHR, amino acids 17-19). In the absence of H2Bub1, chromatin-bound Dot1 cannot catalyze H3K79me3 due to an inhibitory
conformation (light blue). In the presence of H2Bubl, the stable nucleosome promotes an allosteric change in Dot1 that allows the production of
high levels of H3K79me2 and -K79me3. +, low levels of methylation; +++, high levels of methylation; -, absence of methylation. Weak H2A-H2B dimer
subjected to eviction, transparent and light colored; stable H2A-H2B dimer, bright colored.
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