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Ubiquitylation of histone H2B at lysine 120 (H2B-Ub) plays a critical
role in transcriptional elongation, chromatin conformation, as well as
the regulation of specific histone H3 methylations. Herein, we report
a strategy for the site-specific chemical attachment of ubiquitin to
preassembled nucleosomes. This allowed expedited structure-activ-
ity studies into how H2B-Ub regulates H3K79 methylation by the
methyltransferase human Dot1. Through an alanine scan of the ubig-
uitin surface, we identified a functional hotspot on ubiquitin that is
required for the stimulation of human Dot1 in vitro. Importantly, this
result was validated in chromatin from isolated nuclei by using a
synthetic biology strategy that allowed selective incorporation of
the hotspot-deficient ubiquitin mutant into H2B. The ubiquitin hot-
spot additionally impacted the regulation of ySet1-mediated H3K4
methylation but was not required for H2B-Ub-induced impairment
of chromatin fiber compaction. These data demonstrate the utility of
applying chemical ligation technologies to preassembled chromatin
and delineate the multifunctionality of ubiquitin as a histone post-
translational modification.
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H istone posttranslational modifications (PTMs) modulate
chromatin structure and function either by directly altering
the intrinsic physical properties of the chromatin fiber or by
nucleating the recruitment and activity of a host of transacting
nuclear factors (1-3). The chemical diversity, differential dynamics,
and sheer number (currently over 100) (4, 5) of these PTMs, along
with their combinatorial occurrence at the level of the nucleosome,
create a complex and nonstatic molecular architecture in which all
chromatin-related processes function. A central challenge in the
field of epigenetics is to disentangle how distinct chromatin states
control biochemical outputs, which requires the elucidation of the
critical determinants governing histone PTM readout.

A particularly fascinating histone PTM is the ubiquitylation of
H2B at lysine 120 (H2B-Ub). H2B-Ub is enriched near the 5’
end of highly expressed genes and has been implicated in tran-
scriptional elongation, as well as chromatin structure definition
(6-9). Moreover, H2B-Ub directly regulates the H3K4 and
H3K79 methyltransferases Setl and Dotl, respectively (10-13).
The mechanistic principles underlying these various phenomena
remain poorly understood. At 8.5 kDa, ubiquitin is nearly as
large as the histone to which it is linked (13.8 kDa in the case of
H2B), increasing the nucleosome surface by as much as 4,800 A”
(14). Thus, compared with smaller PTMs such as acetylation and
methylation, ubiquitin is “information rich” in that it alters the
steric and electrostatic properties around its attachment site, as well
as presenting a large surface area for the recruitment of binding
factors. Structural and biochemical studies of ubiquitin-ligand
complexes, including the ubiquitylation of histone H2A at lysine 15,
have revealed a canonical binding hotspot on ubiquitin involving a
hydrophobic patch centered on Leu8/Ile44 (15, 16), however ad-
ditional interaction surfaces have been extensively characterized
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(17, 18). It is currently unclear whether the chromatin-associated
functions of ubiquitin—for instance, the stimulation of Setl and
Dotl activities—operate through a single functional epitope or
whether discrete surfaces of ubiquitin are involved.

Understanding the biochemical cross-talk between ubiquitin
and histone methylation has important biomedical implications.
For instance, H3K79 hypermethylation, by deregulated human
Dotl (hDotlL), is tightly linked to the progression of certain
hematopoietic malignancies (19-21). The molecular features of
ubiquitin needed to directly stimulate hDotlL activity remain
undefined, although a direct physical interaction between ubig-
uitin and the hDotlL yeast homolog Dotlp has been reported
(22). The inability of some ubiquitin-like proteins (Ubls) to
substitute for ubiquitin indicates that a specific region on the
ubiquitin surface is required for hDot1L stimulation, rather than
the effect being simply due to steric bulk (23, 24). However, the
observation that the double mutation of Leu8 and Ile44 to ala-
nine does not affect H3K79 methylation by hDot1L implicates a
noncanonical surface in the stimulation (24). Ubiquitylation of
H2B has also been shown to directly inhibit chromatin com-
paction (25). Again, this property requires a specific surface
feature on ubiquitin, rather than its size per se, but as before the
precise region involved is not known.

In this study, we use chemical procedures to identify functional
epitopes on ubiquitylated chromatin. Using a facile library screening
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method, we identify two leucine residues near the C terminus of
ubiquitin critical for stimulation of hDotlL activity in vitro. We
confirmed the importance of these residues for endogenous
hDotlL activity in isolated nuclei through monitoring H3K79
methylation levels subsequent to the site-specific incorporation of
a ubiquitin mutant, lacking these residues, into chromatin (26).
Extending our findings to other well-established H2B-Ub pro-
cesses, we find that this ubiquitin hotspot is also necessary for the
stimulation of ySetl-mediated H3K4 methylation. Surprisingly,
the mutation of the hotspot has no impact on the ability of H2B-
Ub to inhibit chromatin fiber compaction. Our work reveals
multifunctionality in the ubiquitin surface with respect to H2B-
Ub-dependent functions with an approach that can be easily ex-
tended to study other histone ubiquitylations.

Results

Direct Chemical Ubiquitylation of Mononucleosomes. To determine
which residues in ubiquitin are critical for H3K79 methylation
cross-talk, we set out to develop a streamlined methodology for
the rapid preparation of ubiquitylated nucleosomes. Current syn-
thetic routes for histone ubiquitylation involve multistep protocols
and are performed at the histone level, making the preparation of
multiple ubiquitin nucleosomal substrates a formidable challenge
(10, 23, 24, 27, 28).

We envisioned that the synthesis of H2B-Ub-containing nu-
cleosomes could be expedited via ligation of ubiquitin directly to
the premade nucleosome using an asymmetric disulfide ligation
strategy (23, 29). With this in mind, we generated a mutant H2B
in which residue Lys120 was changed to a cysteine—importantly,
this is the only cysteine in any of the four histones used in this study.
This protein was reacted with 5,5'-dithiobis-(2-nitrobenzoic acid)
(Di-TNB) to give an activated asymmetric disulfide (H2B-TNB),
which was subsequently incorporated into mononucleosomes. Ad-
dition of ubiquitin engineered with a C-terminal aminoethanethiol
moiety (Ub-SH) to the activated nucleosomes resulted in ubig-
uitylated H2B nucleosomes, as observed via gel shift and confirmed
by mass spectrometry (Fig. 1 A and B and SI Appendix, Fig. S1).
The reaction went to 60% completion over the course of 1 h (see
note in SI Appendix for quantification details), resulting in ap-
proximately an equimolar ratio of diubiquitylated to mono-
ubiquitylated nucleosomes, as each nucleosome contains two
copies of H2B-TNB (Fig. 1B).

We next investigated the activity of the catalytic domain of the
H3K79 methyltransferase hDot1L toward these ubiquitylated nu-
cleosomes in comparison with H2B-Ub synthesized to contain the
identical disulfide H2B-Ub linkage and reconstituted into nucleo-
somal substrates at the histone octamer level. H2B-Ub is required
for the stimulation of hDot1L in vitro, as unmodified H2B nucle-
osomes are poor hDotlL substrates (10). H2B-Ub substrates
formed via direct nucleosomal ligation stimulated hDot1L-medi-
ated H3K79 methylation and showed an expected 1:1 ratio of H2B-
Ub to H3K79 methylation, as evidenced by the twofold difference
in fluorography between the diubiquitylated and monoubiquitylated
species (Fig. 1C, lane 2 Lower panel). No methylation was observed
on the nonubiquitylated species (Fig. 1C, lane 1 Lower panel).

Importantly, hDotlL-mediated H3K79 methylation was not
stimulated in the presence of H2B-TNB, free TNB, or unligated
Ub (ST Appendix, Fig. S2). Thus, hDot1L methyltransferase as-
says could be performed subsequent to H2B-Ub ligation without
further purification. This on-nucleosomal ligation method
worked well for the attachment of ubiquitin to other regions of
the nucleosome surface and hence will be of practical use for
accessing other histone ubiquitylations in a rapid, high-
throughput manner (SI Appendix, Fig. S3).

A C-Terminal Ubiquitin Patch Is Critical for hDot1L Stimulation in Vitro.

Having developed a protocol for the rapid generation of H2B-Ub
nucleosomes, we moved on to determine which part of the
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Fig. 1. Preparation of H2B-Ub nucleosomes by on-nucleosomal asymmetric
disulfide formation. (A) Scheme of nucleosomal ligation strategy. Site-spe-
cific ligation of ubiquitin (Ub) directly to the nucleosome is achieved upon
addition of Ub-SH [unmodified ubiquitin shown in green; Protein Data Bank
(PDB) ID code 1UBQ3] to H2B-TNB nucleosomes (wild-type nucleosome
shown; PDB ID code 3LZ0). The H2B-Ub nucleosome is modeled as a com-
posite of Ub and nucleosome structures. (Inset) Close-up of the H2B-TNB and
H2B-Ub modifications. (B) Nucleosome ligations were monitored via native
PAGE followed by ethidium bromide staining (Top panel) and quantified
using ImagelJ software (Bottom panel; see SI Appendix for quantification
details). The reaction progressed to about 60% completion over the course of
1 h, resulting in a mix of non-, mono-, and diubiquitylated nucleosome species.
Error bars, s.e.m. (n = 3). (C) hDot1L activity on H2B-Ub substrates prepared by
nucleosomal ligations compared with fully reconstituted H2B-Ub substrates.
hDot1L methyltransferase assays using >H-SAM were performed on H2B-TNB
nucleosomes (lane 1) and H2B-Ub nucleosomes, either prepared by direct
nucleosomal ligations (lane 2) or fully reconstituted H2B-Ub (lane 3). Nucleo-
somes used in this assay were visualized via ethidium bromide staining of
native PAGE gels (Top panel), and 3H-methyl incorporation was monitored by
fluorography (Bottom panel). hDot1L was active on both types of H2B-Ub-
containing nucleosomes but not H2B-TNB nucleosomes.

ubiquitin surface contributed to hDotlL-mediated H3K79 meth-
ylation. Previously, it was shown that mutation of the canonical
hydrophobic patch (L8/I44) in ubiquitin to alanine did not affect
hDotlL stimulation (24). A complementary study, involving the
attachment of Ubls to H2B at K120, revealed that ubiquitin func-
tions in a residue-specific manner (23, 24). Specifically, hDot1L
stimulation was found to be dependent on the primary sequence of
the Ubl, as Nedd8 stimulated hDot1L, whereas two other Ubls—
Smt3 and Hubl—did not. These Ubl proteins share the same ter-
tiary structure but have between 23% and 55% sequence identity to
ubiquitin (Fig. 24), leading us to hypothesize a specific surface
shared between ubiquitin and Nedd8 was critical for hDot1L-
mediated H3K79 methylation (Fig. 2B).

To test this hypothesis, we generated a library of ubiquitin
mutants to use in hDotlL methyltransferase assays. Surface-
exposed residues were subdivided into 13 distinct patches consisting
of two to four residues, and each individual patch was mutated to
alanine (Fig. 2 and SI Appendix, Fig. S4). The L8/I44A mutant of
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Fig. 2. Design of the ubiquitin surface mutant library. (A) Ubiquitin and
Ubl homology alignment. Ubiquitin, Nedd8, Hub1, and Smt3 were aligned
using the Lalign multiple sequence server. Similar residues shared between
all Ubls and ubiquitin are bolded. Conserved residues between only
ubiquitin and Nedd8 are outlined in a green dashed box. The surface
residues in ubiquitin that were mutated to alanine are shaded. The colors,
and the numbers above, indicate the groupings in the 13 surface mutants.
Individual sequences are annotated in S/ Appendix, Fig. S4. (B) Visual
representation of the ubiquitin surface mutants mapped on to the ubig-
uitin structure (PDB ID code 1UBQ3) in their respective color. Homologous
regions between ubiquitin and Nedd8, but not Hub1 and Smt3, are shown
in a dashed green line.

ubiquitin (Ub13) was included in our library and served as an ad-
ditional positive control. This alanine mutant library was prepared in
a similar manner to that used for Ub-SH and ligated to the H2B-
TNB nucleosome (Fig. 34, Top panel). All ligations, except for the
Ubl12 mutant, proceeded similarly to the Ub-SH ligation, with liga-
tion efficiencies between 50% and 67%. hDot1L methyltransferase
activity was subsequently assayed using this ubiquitin mutant nucle-
osome library (SI Appendix, Fig. S5). After adjusting for differences
in nucleosomal ubiquitylation (see SI Appendix for details), it was
evident that Ub12, and to a lesser extent Ub7, disrupted hDot1L-

mediated H3K79 methylation, whereas all other mutants, including
the Ub13 mutant, showed activity comparable to that of wild-type
ubiquitin (Fig. 34, Middle and Bottom panels). Consistent with our
initial hypothesis, the residues collectively mutated in Ub7 and Ub12
have 71% sequence identity to Nedd8 and only 14% sequence
identity to both Hub1 and Smt3 (Fig. 2). Note that the Ub2 mutant
nucleosome was observed to be less stable than the other H2B-Ub
nucleosomes, resulting in an overestimation of its efficiency as a
substrate for hDot1L (Fig. 34 and SI Appendix, Fig. S5, lane 4).

To confirm the results of this initial screen, we prepared H2B-Ub
nucleosomes containing the Ub7 and Ub12 mutants via the stan-
dard asymmetric disulfide reconstitution protocol, which affords
homogeneous substrates. Methyltransferase assays with hDot1L
established that both mutants have reduced ability to activate the
enzyme, with Ub12 having the most profound effect, again con-
sistent with the initial screen (SI Appendix, Fig. S6). Interestingly,
although not contiguous in primary sequence, the residues mutated
in Ub7 and Ubl2 formed a continuous surface patch near the C
terminus of ubiquitin (Fig. 2B).

Both L71 and L73 Residues in Ubiquitin Are Critical for hDot1L Activity.
As Ub12 returned H3K79 methylation levels to those exhibited by
unmodified H2B nucleosomes, we chose to investigate this mutant
further. Ub12 is a quadruple alanine mutant where the leucine—
arginine-leucine-arginine motif near the C terminus of ubiquitin
has been changed. This region is critical for ubiquitin recognition
by the ubiquitylation machinery, displays structural plasticity, and
has been implicated in many known ubiquitin interactions (17, 18,
30, 31).

We reasoned that the proximity of these mutations to the li-
gation junction could be responsible for the slower ligation ki-
netics of Ub12 compared with wild-type ubiquitin (SI Appendix,
Fig. S7). Although it has been shown that the ligation junction
can be varied substantially with little effect on hDot1L-mediated
H3K79 methylation (23), we wondered whether the inability of
Ubl2 to promote H3K79 methylation and the sluggish ligation
kinetics of this mutant were in some way linked. We chose to
subdivide Ub12 into two further mutants retaining either both
arginines (UbL71/73A or uLL) or both leucines (UbR72/74A or
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Fig. 3. Surface features on ubiquitin critical for hDot1L stimulation. For all methyltransferase assays, nucleosomes were visualized by native PAGE followed
by ethidium bromide staining (Top panels), and *H-methyl incorporation was probed by fluorography (Middle panels). Quantification of methylation was
performed by filter binding assays followed by liquid scintillation counting and was adjusted to include the extent of Ub-SH ligation, termed Ub efficiency
(Bottom panels; see note in S/ Appendix for details). Error bars, s.e.m. (n = 3-6). (A) hDot1L activity on each of the Ub surface mutants, 1-13. Nonubiquitylated
nucleosomes (H2B) and wild-type ubiquitylated H2B nucleosomes (Ub) were included as negative and positive controls, respectively. Only the Ub7 and Ub12
mutants led to a significant reduction in hDot1L stimulation. The Ub13 mutant, centered on the canonical hydrophobic hotspot, did not lead to reduction
in hDot1L activity, which is consistent with a previous study (see the Introduction). (B) Ub12 was split into two alanine submutants, uLL and uRR, and
hDot1L activity was assayed via >H-SAM methyltransferase assays. Middle panels show two different exposures of 12 h (Top Middle panel) and 5 d (Bottom

Middle panel).
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uRR), potentially narrowing this ligation/H3K79me defect into
either a charge-based or hydrophobic-based effect. The two Ub12-
derived mutants were prepared, ligated to the H2B-TNB nucle-
osome, and hDotlL methyltransferase assays were performed
(Fig. 3B). uRR showed a ligation defect similar to Ub12 but still
promoted robust H3K79 methylation considering the extent of
ligation of this mutant (Fig. 3B, lane 4). Conversely, uLL ligated to
the nucleosome to a similar extent as wild-type ubiquitin but was
unable to stimulate hDotlL-mediated H3K79 methylation (Fig.
3B, lane 5). Additional mutagenesis studies indicated that both
leucine residues in Ub contribute to the stimulation of hDot1L
activity (SI Appendix, Fig. S8).

To further confirm the importance of the Leu71/Leu73 patch
for hDotlL stimulation, we synthesized uLL-containing nucleo-
somes with an isopeptide linkage. This allowed us to rule out that
the nonnative conjugation chemistry used in the initial analysis in
some way contributed to disruption of the cross-talk. Importantly,
this version of H2B-uLL was also unable to stimulate hDotlL
(both the catalytic domain and full-length enzyme) in either a
mononucleosomal or chromatinized plasmid context (Fig. 44 and
SI Appendix, Fig. S9). Analysis of both the circular dichroism and
(**N, 'H) heteronuclear single quantum coherence NMR spec-
trum of the uLL mutant revealed that it retained the ubiquitin
fold, ruling out the possibility that the mutant lacks activity
through indirect means by globally disrupting the ubiquitin tertiary
structure (SI Appendix, Fig. S10). Collectively, these data indicate
that stimulation of hDotlL activity is directly mediated by this
hydrophobic surface patch on ubiquitin.

The Leu71/Leu73 Patch Is Required for hDot1L Stimulation on
Chromatin in Isolated Nuclei. We next asked whether the Leu71/
Leu73 surface patch on ubiquitin is required to stimulate en-
dogenous hDotlL activity in the context of native chromatin.
Ubiquitin is a highly conserved protein, abundant in cells, and is
essential in a range of activities such as protein degradation, lo-
calization, and signaling (15). An alanine scan of ubiquitin in yeast
identified all nonviable ubiquitin mutants, which importantly in-
cluded both L71 and L73 residues (30). The toxicity of uLL
complicates cellular studies; simply expressing the ubiquitin mu-
tant in mammalian cells is not a viable approach for validating our
in vitro findings. This problem could be solved were it possible to
selectively target the mutant ubiquitin to H2B within chromatin.
Recently, van Leeuwen and coworkers reported a clever approach
to mimic H2B-Ub in yeast by fusing ubiquitin to the N terminus of
H2A, which positions ubiquitin near its normal attachment site on
the nucleosome surface (32). In principle, this strategy could be
adapted to mammalian cells, allowing targeted introduction of
uLL. However, this study also showed that hDot1L is stimulated
by these Ub-H2A fusion constructs to a much lower level than
yDotl in vitro (32). In light of this observation, we elected to use
an alternative approach that allows for the direct semisynthesis of
an isopeptide-linked H2B-Ub within mammalian chromatin. This
approach uses naturally split inteins [referred to herein as the
N-terminal intein (Int") and C-terminal intein (Int€)] to assemble
the desired H2B-Ub construct through an in nucleo protein liga-
tion procedure (SI Appendix, Fig. S11A4) (26). This reaction results
in attachment of ubiquitin to H2BK120 through an isopeptide
linkage that is identical to that used in our in vitro studies and,
importantly, without mutating any of the other histones.

Nuclei were isolated from HEK293 cells transfected with a
plasmid encoding a truncated version of H2B fused to the Int™
[H2B(1-116)-Int™]. These were then treated with synthetically
prepared constructs comprising the Int“ fragment linked to the
remaining residues of H2B conjugated, via an isopeptide linkage, to
either wild-type Ub or uLL [Int“-H2B(117-125)-Ub or Int“-H2B
(117-125)-uLL]. Both in nucleo reactions were successful, and the
semisynthetic products, H2B-Ub and H2B-ulLL, were generated
within the chromatin fraction as indicated by Western blotting
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assays using ySet1C. Methyltransferase assays using H2B- (lane 1), H2B-Ub- (lane 2),
and H2B-uLL- (lane 3) containing nucleosomes were performed. Nucleosomes
were visualized by native PAGE followed by Sybr Gold staining (Top panel),
and H-methyl incorporation was probed by fluorography (Middle panel). The
extent of 3H-methyl incorporation was quantified by densitometry (Bottom
panel). Error bars, s.e.m. (n = 3). (D) Homo-FRET assay schematic to probe
chromatin compaction. The 12-mer nucleosomal arrays containing a fluores-
cein labeled H2A compact upon addition of Mg?*. Compaction correlates with
a lower SSA signal due to homo-FRET. (E) Nucleosomal array compaction as a
function of Mg“ for H2B- (gray line), H2B-Ub- (green line), and H2B-uLL-
(red dashed line) containing 12-mer arrays. Error bars, s.e.m. (n = 3).

(SI Appendix, Fig. S11B). As expected based on the known cross-talk
mechanism, in nucleo production of H2B-Ub led to an increase in
overall H3K79 dimethylation, compared with nuclei from non-
transfected cells (Fig. 4B). Importantly, we observed no stimulation
of H3K79 dimethylation as a consequence of generating H2B-uLLL
on chromatin, despite there being comparable levels of the H2B-Ub
and H2B-uLL semisynthetic products (Fig. 4B and SI Appendix, Fig.
S11B). This result validates our biochemical data, confirming the
essentiality of these two residues for endogenous hDot1L-mediated
H3K79 methylation.
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The Leu71/Leu73 Patch Is Important for ySet1C-Mediated H3K4
Methylation. We wondered whether the L.71 and L73 patch on
ubiquitin is important for other H2B-Ub-associated functions.
To this end, we asked whether H2B-uLL nucleosomes are able to
stimulate methylation of H3K4 by Setl in vitro. H3K4 methylation
in mammalian cells is catalyzed by multiple Setl/MLL family histone
methyltransferases, which play nonredundant, conditionally ubig-
uitin-independent roles (33). Thus, we turned to the Setl methyl-
transferase complex from Saccharomyces cerevisiae, ySet1C, which is
stimulated by H2B-Ub in vitro (34). Methyltransferase assays using
3H-S-adenosyl methionine (*H-SAM) were performed on semi-
synthetic H2B-Ub and H2B-uLL-containing nucleosomes using a
ySetlC complex affinity-purified from Sf9 cells coinfected with
baculoviruses that express FLAG-Setl and the seven other un-
tagged ySet1C subunits (SI Appendix, Fig. S12). As expected (34),
ySet1C was stimulated by H2B-Ub nucleosomes and showed no
activity toward unmodified H2B nucleosomes (Fig. 4C, lane 1
compared with lane 2). Importantly, and analogous to hDotlL,
ySet1C was not stimulated by H2B-uLL—containing nucleosomes,
highlighting the importance of L71/73 residues for both H3K4
and H3K79 methylation (Fig. 4C, lane 3).

The Leu71/Leu73 Patch Is Not Involved in H2B-Ub-Induced Impairment
of Chromatin Fiber Compaction. Finally, we investigated whether
the L71/73 surface patch was important for the intrinsic ability of
ubiquitin to inhibit nucleosomal array compaction. Previously,
we showed that ubiquitin is able to impede the Mg®*-induced
compaction of nucleosome arrays (25). Because this intrinsic
function did not extend to the structurally related Ubl Hub1, we
concluded that H2B-UDb prevents nucleosomal array compaction
through sequence-specific mechanisms, analogous to the regu-
lation of H3K79 methylation. We adopted the homo-fluorescence
resonance energy transfer (homo-FRET) steady-state anisotropy
(SSA) approach developed in this earlier study and directly
compared the folding properties of unmodified, H2B-Ub, and
H2B-uLL 12-mer nucleosome arrays (Fig. 4 D and E and SI Ap-
pendix, Fig. S13). As expected, the presence of wild-type ubiquitin
on H2B impeded Mg**-induced compaction of the array compared
with unmodified H2B arrays (Fig. 4F). Surprisingly, given the pro-
found effect on methyltransferase activity, mutation of the L71/73
surface patch had no impact on this intrinsic compaction property
of ubiquitin; that is, the H2B-Ub and H2B-uLL 12-mer nucleo-
some arrays behaved identically in the SSA assay (Fig. 4E). This
result indicates that different surface features on ubiquitin are
involved in this intrinsic chromatin folding property than for the
cross-stimulation of H3K4/H3K79 methylation.

Discussion

The H2B-Ub modification is intimately involved in transcription
elongation, both acting as a positive regulator of H3K4 and
H3K?79 methylation as well as contributing to the maintenance of
a less compact local chromatin state (10, 13, 25, 35). This is
achieved through specific properties of the ubiquitin modifica-
tion and is not simply due to the steric bulk of adding an 8.5-kDa
protein to the nucleosomal surface. For instance, replacement of
ubiquitin with Smt3 and Hubl, Ubls that share the same fold as
ubiquitin but have substantially different surface residues (Fig.
24), leads to a loss of H2B-Ub-dependent transactivation
functions (11, 23, 24). By contrast, Nedd8, a Ubl with higher
sequence homology to Ub than either Smt or Hub1, phenocopies
the transactivation function of the native modification when in-
corporated into nucleosomes (23). In the present study, we set
out to narrow down the region(s) on ubiquitin that is sensed by the
enzymes responsible for H3K4 and H3K79 methylation: Setl and
Dotl, respectively. Development of a convenient nucleosome liga-
tion approach allowed a comprehensive structure-activity relation-
ship study of ubiquitin in regard to H2B-Ub function, revealing a
functional hotspot on the Ub surface essential for the stimulation of
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hDot1L and ySet1C activities. Surprisingly, we found that this sur-
face is not required for the H2B-Ub-dependent impairment of
chromatin compaction. Collectively, these studies paint a picture of
ubiquitin as an information-rich modification able to orchestrate
distinct biochemical functions on chromatin by using nonoverlapping
surface epitopes.

Several methods for the preparation of H2B-Ub substrates
have been described, making biochemical reconstitution of ho-
mogenous H2B-Ub-containing chromatin accessible (10, 23, 24).
A caveat to these existing methods is the need to prepare the
H2B-Ub before incorporation into chromatin, resulting in a
multistep process that is both time-consuming and sample-
intensive. Here, we greatly simplify the process by showing that
the ubiquitylation PTM can be chemically introduced in a site-
specific fashion to a preassembled nucleosome. The approach
involves an asymmetric disulfide formation reaction, compatible
with nucleosomal reconstitution protocols, and achieves regio-
selectivity by exploiting the ability to introduce a unique cysteine
residue into recombinant chromatin. As this method relies on
the late stage diversification of the nucleosome substrate, sys-
tematic structure—activity analysis of the system becomes trac-
table, as demonstrated herein. This approach will be of use to
study other histone ubiquitylations and their associated functions in
a high-throughput manner. Additionally, the disulfide attachment
chemistry used has the attractive feature that the modification can
be “erased” through simple reduction, thereby offering the po-
tential to study, in a time-resolved way, the functional and struc-
tural consequences of PTM removal. Moreover, it may be possible
to adapt the strategy to give nonreducible thioether linkages
through use of alternate thiol-directed chemistries (36, 37). Indeed,
analogs of other PTMs can, in principle, be introduced chemically
into preassembled chromatin using known cysteine derivatization
routes—for example, lysine methylation (2) and acetylation (38).
Conceivably, other chemical functionalities used in bio-orthogonal
reactions could be used instead of, or in addition to, cysteine, thereby
further expanding the palette of PTMs that can be introduced into
chromatin templates.

Our structure—activity studies identify a hydrophobic surface
on ubiquitin, comprising L71 and L73, required for the stimu-
lation of hDotlL-mediated H3K79 methylation as well as
ySet1C-mediated H3K4 methylation. This epitope could pro-
mote productive enzyme-nucleosome complex formation and/or
allosterically activate these enzymes or the H2B-Ub nucleosome
for H3K4/K79 methylation. As these enzymes are not structur-
ally homologous, or enzymatically analogous (they belong to
different branches of the methyltransferase family) (39), a con-
served Ub recognition element or allosteric mechanism seems
unlikely (24, 34, 40). In light of this, we favor a mechanism in
which the L71/L73 patch on ubiquitin engages the nucleosome
surface near the H2B-K120 attachment site, effectively locking
ubiquitin down on the nucleosome. Interestingly, hDotlL can
bind both unmodified and ubiquitylated nucleosomes (23), with
only the latter interaction being conducive to H3K79 methyl-
ation. The role of H2B-Ub might, therefore, be to prevent
nonproductive hDotlL-nucleosome interactions, which domi-
nate in unmodified nucleosomes, through a physical “corralling”
effect resulting from ubiquitin positioning. We note that a similar
Dotl activation model has recently been suggested by van
Leeuwen and coworkers, based on the results of Ub-H2A fusion
experiments in yeast (32). Because we found only one surface
epitope on ubiquitin required for hDot1L stimulation, our data
would argue against there being a specific interaction between
ubiquitin and this enzyme. In the case of ySet1C, a similar acti-
vation mechanism could be operable, although we cannot rule
out that additional surface epitopes on ubiquitin might engage
this protein complex. Further biochemical and structural exper-
iments will be needed to test the proposed corralling mechanism
as well as to pinpoint which surface residues on ubiquitin are
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needed for the ability of H2B-Ub to impede the compaction of
chromatin fibers. Nonetheless, our observations highlight that
Ub is an information-rich PTM, able to drive different bio-
chemical/biophysical outputs using nonoverlapping mechanisms,
which in the context of chromatin adds yet another layer of com-
plexity that must be considered when correlating histone PTMs
to chromatin states.

Materials and Methods

In a typical reaction, reconstituted H2BK120C containing octamers (5 nmol,
50 pL) in octamer formation buffer (10 mM Tris, 2 M NaCl, 1 mM EDTA, pH 7.5)
were mixed 1:1 with octamer formation buffer containing Di-TNB (50 pmol,
50 pL) and nutated at room temperature for 10 min to yield activated (H2B-
TNB) octamers. H2B-TNB nucleosomes were formed by combining octamers and
“601" DNA in high-salt buffer followed by dialysis into a low-salt buffer as
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described previously (10). The quality of the reconstitution was assessed by
separation on a Criterion 5% (vol/vol) Tris-borate-EDTA (TBE) gel run in 0.5x
TBE buffer, followed by staining with ethidium bromide or Sybr Gold. Ub-SH or
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osomes in a final reaction volume of 10 pL and incubated at 55 °C for 1 h. The
degree of Ub-SH ligation was determined by separation on a Criterion 5%
TBE gel run in 0.5x TBE buffer, followed by staining with ethidium bro-
mide. These H2B-Ub nucleosomes were used in methyltransferase assays
without subsequent purification.
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