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Monoubiquitination of H2BK123 (H2BK123ub), catalyzed
by Rad6/Bre1, is a transient histone modification with
roles in transcription and is essential for establishing H3K4
and H3K79 trimethylations (H3K4me3 and H3K79me3).
Here, we investigated the chromatin network around
H2BK123ub by examining its localization and co-
occurrence with its dependent marks as well as the tran-
scription elongation mark H3K36me3 across the genome of
Saccharomyces cerevisiae. In yeast, H2BK123ub is removed
by the deubiquitinases Ubp8 and Ubp10, but their ge-
nomic target regions remain to be determined. Genome-
wide maps of H2BK123ub in the absence of Ubp8 and
Ubp10 revealed their distinct target loci, which were geno-
mic sites enriched for H3K4me3 and H3K79me3, respec-
tively. We propose an extended model of the H2BK123ub
cross-talk by integrating existing relationships with the
substrate specificities of Ubp8 and Ubp10 reported here.
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In eukaryotic cells, chromatin packages DNA into the
nucleus and affects various aspects of genome function.
As the fundamental components of chromatin, histone
proteins are subject to a variety of post-translational mod-
ifications, including methylation, monoubiquitination,
and acetylation (Shilatifard 2006; Smith and Shilatifard
2010). In a process referred to as histone cross-talk, some
histone modifications may trigger others, resulting in

distinct and coordinated localization patterns that regulate
processes such as transcription, DNA replication, and repair
(Lee et al. 2010). An evolutionarily conserved regulatory
component of the transcription cycle is the cross-talk
between H2BK123 monoubiquitination (H2BK123ub)
and H3K4 and H3K79 trimethylation (H3K4me3 and
H3K79me3), whereby H2BK123ub is essential to estab-
lish the trimethylation marks (Shilatifard 2006).

While previous studies revealed aspects of this cross-
talk and identified major components of the associated
enzymatic machinery, a comprehensive genome-wide
understanding of H2BK123ub localization, including the
co-occurrence with its dependent marks and the rules
governing its removal, is still lacking. H2BK123ub is
a transient histone mark, which is established by the
Rad6/Bre1 ubiquitin ligase complex during transcription
initiation and elongation (Shilatifard 2006). In Saccharo-
myces cerevisiae, H2BK123ub localizes to promoter and
coding regions of PMA1, ADH1, and PYK1, as well as to
GAL1 during gene induction (Dover et al. 2002; Henry
et al. 2003; Wood et al. 2003; Kao et al. 2004; Xiao et al.
2005; Schulze et al. 2009), while in human cells it is
enriched at transcribed regions of highly transcribed
genes (Minsky et al. 2008). Improper monoubiquitination
of H2B disturbs transcription elongation at GAL1 in S.
cerevisiae (Shukla and Bhaumik 2007) and alters the
localization of RNA polymerase II (RNAPII) and histones
in coding regions of hem2+ and sod2+ in Schizosacchar-
omyces pombe (Tanny et al. 2007).

An integral part of the H2BK123ub cross-talk is the
removal of H2BK123ub by the ubiquitin-specific pro-
teases Ubp8 and Ubp10 (Henry et al. 2003; Emre
et al. 2005). Ubp8 is a subunit of the Spt–Ada–Gcn5–
acetyltransferase (SAGA) complex, with the integrity of
SAGA being required for Ubp8 deubiquitination activity
(Henry et al. 2003). Ubp8 acts mainly at early steps of
transcription and regulates the transition between initia-
tion and elongation (Henry et al. 2003; Daniel et al. 2004).
In contrast, Ubp10 (also known as Dot4) acts indepen-
dently of SAGA and has been associated with telomeric
silencing (Kahana and Gottschling 1999; Emre et al.
2005; Gardner et al. 2005; Smith and Shilatifard 2009).
Based on these functional differences and bulk protein
blotting results showing increased ubiquitin levels in the
ubp8Dubp10D double mutant compared with single-
deletion strains (Emre et al. 2005; Gardner et al. 2005),
we propose that Ubp8 and Ubp10 have nonredundant roles
in the H2BK123ub cross-talk and act in a site-specific
manner.

To test this hypothesis, we comprehensively compare
H2BK123ub levels in wild type with ubp8D and ubp10D
mutants. Furthermore, we extend our previous study de-
scribing the colocalization of H2BK123ub with H3K79me3
(Schulze et al. 2009) by determining the co-occurrences of
H2BK123ub with both its dependent modifications and the
transcription elongation mark H3K36me3. We reveal that
Ubp8 and Ubp10 have site-specific roles, with Ubp8
deubiquitinating H2BK123ub at H3K4me3-marked re-
gions and Ubp10 removing H2BK123ub at H3K79me3-
enriched sites. In addition, detailed analyses identified
region-specific co-occurrences of H2BK123ub and H3
methylation marks, allowing us to propose a more com-
plete model of the H2BK123ub cross-talk.
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Results and Discussion

Genome-wide distribution of
H2BK123ub and H3 methylation
marks with respect to gene length
and transcriptional frequency

To define the chromatin network
around H2BK123ub in S. cerevisiae,
we mapped H2BK123ub; its dependent
marks, H3K4me3 and H3K79me3; and
the transcription elongation mark
H3K36me3 using high-resolution tiling
arrays. We also included H3K79me2
as a control for specificity. H2BK123ub
and the H3 methylation marks were
strongly enriched in genomic regions
transcribed by RNAPII but mostly ab-
sent from other genomic features, such
as telomeres, centromeres, the rRNA
locus, ARSs, and tRNAs (Supplemental
Table S1). Therefore, we focused our
analysis on RNAPII transcripts and de-
veloped a compact yet comprehensive
visualization approach (CHROMATRA)
toassessthedistributionofhistonemod-
ifications across all transcripts at once
while accounting for gene length and
transcriptional frequency (T Hentrich,
JM Schulze, E Emberly, and MS Kobor,
in prep.).

Our work extends existing studies
on single genes to encompass the entire
genome and finds H2BK123ub to pre-
dominantly cover coding sequences of
genes as well as some promoters (Sup-
plemental Fig. S1). Its dependent mark,
H3K4me3, peaked sharply downstream
from the transcription start site (TSS); H3K79me3 covered
the body of mainly longer transcripts; H3K79me2 marked
mainly shorter genes; and H3K36me3 was enriched begin-
ning at the +3 nucleosome throughout the body of tran-
scripts (Supplemental Fig. S1).

To examine the correlation between the modifications
of the H2BK123ub network and transcriptional gene activ-
ity, all transcripts were grouped into five classes according
to their transcriptional frequency (Holstege et al. 1998).
H2BK123ub was present in all classes (Fig. 1A), and the
relative occupancy was positively correlated with the
transcriptional frequency of genes (Fig. 1B). H3K4me3
showed a trend similar to H2BK123ub but with higher
enrichment levels (Fig. 1A,B) and, as recently described
(Zhang et al. 2011), was enriched at almost all genes
despite earlier proposals that it is limited to highly
transcribed genes (Santos-Rosa et al. 2002; Ng et al.
2003; Liu et al. 2005). The most highly transcribed genes
were instead specifically enriched for a combination of
H2BK123ub, H3K4me3, and H3K36me3 (Fig. 1A). In
contrast, enrichment levels of H3K79me3 and H3K79me2
strongly decreased for genes with higher transcriptional
frequency (Fig. 1A), rendering the most actively tran-
scribed genes devoid of these marks (Fig. 1B). Interest-
ingly, the association of H3K36me3 and transcriptional
activity was nearly identical to that found for H2BK123ub
(Fig. 1), supporting a role of H2BK123ub in transcriptional
elongation.

H2BK123ub positively correlates and colocalizes
with its dependent marks, H3K4me3 and H3K79me3,
but also with H3K36me3

Consistent with its role as an upstream regulator, the
H2BK123ub profile positively correlated with those of its
dependent marks, H3K4me3 and H3K79me3, although
the correlation was much stronger with H3K79me3
(r = 0.67) than with H3K4me3 (r = 0.26) (Supplemental
Fig. S2A). Supporting our earlier qualitative statement,
H2BK123ub correlated positively with the elongation mark
H3K36me3 (r = 0.63), consistent with the role of H2BK123ub
in transcriptional elongation. To examine the relationship of
H2BK123ub and H3 methylation in more detail, genes were
partitioned into five segments (promoter, TSS-proximal,
59 coding sequence (CDS) mid-CDS, and 39CDS), similar to
an approach used previously (Liu et al. 2005), and the average
enrichment score for each modification was calculated,
hierarchically clustered, and visualized as a heat map
(Supplemental Fig. S2B). Among several distinctive
combinations of modification patterns, H2BK123ub
strongly colocalized with H3K4me3 in the TSS-proxi-
mal segment, whereas H2BK123ub and H3K79me3,
together with H3K36me3, co-occurred predominantly
in the mid-CDS segment (Supplemental Fig. S2B; Sup-
plemental Table S2).

Although nearly all regions enriched for H2BK123ub
were also marked by H3K4me3 or H3K79me3, not all

Figure 1. Association of H2BK123ub and H3 methylation marks with transcriptional
frequency. (A) Enrichment of H2BK123ub, H3K4me3, H3K36me3, H3K79me3, and H3K79me2
across all transcripts sorted by their length and transcriptional frequency and aligned
by their TSSs. The normalized ChIP-on-chip model-based analysis of tiling arrays (MAT)
scores were binned into segments of 150 base pairs (bp), and the average enrichment value for
each bin was color-coded and plotted. The upper adjacent (UA) of the MAT score distribu-
tion was used for color bar limits. Transcripts were grouped into five classes according to their
number of transcripts per hour (Holstege et al. 1998) (Transcriptome 2005, http://web.wi.mit.
edu/young/pub/holstege.html). (B) Box plots indicating the association of histone marks with
transcriptional frequencies. As in A, transcripts were grouped into five classes according to
their transcriptional frequency. For all modifications and each transcript, the average
enrichment score was calculated as the average MAT score of all probes between transcript
start and end. For each transcription class, the average scores were plotted as standard box
plots (see the Materials and Methods). For H3K4me3, which peaks downstream from the
TSSs around the +2 and +3 nucleosome, average scores were calculated for 300 bp in that region.
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sites enriched for H3K4me3 and H3K79me3 also carried
H2BK123ub (Supplemental Fig. S2B). This observation
might be attributable to the transient nature of H2BK123ub
and its mode of removal by the deubiquitinases Ubp8 and
Ubp10, and likely explains the rather low rank correla-
tion of r = 0.26 between H2BK123ub and H3K4me3.

Site-specific removal of H2BK123ub
by its deubiquitinases, Ubp8 and Ubp10

To determine the genomic regions that Ubp8 and Ubp10
act on, we mapped H2BK123ub across the genome in
strains lacking either Ubp8 or Ubp10. As expected from
studies based on bulk protein levels (Emre et al. 2005;
Gardner et al. 2005), the number of H2BK123ub-enriched
probes within transcripts strongly increased in both de-
letion strains from 24.8% in wild-type cells to 34.2% in
the ubp8D strain and 32.9% in the ubp10D strain (Fig. 2A).
Supporting our hypothesis that Ubp8 and Ubp10 act at
distinct genomic loci, newly enriched probes for H2BK123ub
were different between the two deletion strains, with ;11%
of all transcribed probes being uniquely deubiquitinated by
Ubp8 and 9% being uniquely deubiquitinated by Ubp10
(Fig. 2A). To assess the location of ubiquitinated regions in
both deletion strains, CHROMATRA was used to visualize
the H2BK123ub distribution across all transcripts (Fig. 2B;
Supplemental Fig. S3). In the ubp8D strain, H2BK123ub
peaked downstream from the TSS, but was reduced in
the body of transcripts compared with wild-type cells
(Fig. 2B; Supplemental Fig. S3). In contrast, H2BK123ub
localized to the coding sequence of mainly longer genes
in the ubp10D strain (Fig. 2B; Supplemental Fig. S3). To
better visualize the localization of newly enriched sites
along the transcripts, we subtracted wild type from
deletion profiles and color-coded positive-definite re-
sults (Fig. 2C). The resulting profiles clearly indicated
a site-specific removal of H2BK123ub by Ubp8 in the

TSS-proximal region and by Ubp10 in the gene-coding
region.

By averaging the enrichment profiles of H2BK123ub
and its dependent marks in a length-dependent manner
similar to a previous approach (Mayer et al. 2010), we
noticed that the H2BK123ub profile was very different
from H3K4me3 but comparable in its lateral distribution
and overall shape with H3K79me3 (Fig. 3). Upon deletion
of Ubp8, the H2BK123ub profile changed dramatically,
now showing a striking similarity to H3K4me3. Consis-
tently, the rank correlation between H2BK123ub and
H3K4me3 increased from r = 0.26 in wild-type cells to r =
0.45 in the ubp8D strain. The ubp10 deletion profile,
however, had relatively modest changes, although the
degree of resemblance to H3K79me3 further increased
(Fig. 3). These data suggest that Ubp8 acts primarily in
the 59CDS marked by H3K4me3, whereas Ubp10 de-
ubiquitinates H2BK123 in the body of transcripts marked
by H3K79me3.

Given that in wild-type cells with both deubiquitinases
present the measured H2K123ub level reflects the least
transient fraction captured by chromatin immunoprecip-
itation (ChIP), our results further indicate that H2BK123ub
was more transient in the 59CDS than in the body of
transcripts. In addition, we observed a strong reduction of
H2BK123ub in coding regions in the ubp8 deletion strain
(Fig. 3). This might suggest that nonremoval of the
ubiquitin tag at the 59CDS caused by loss of Ubp8 hinders
the transcriptional machinery to properly elongate and
ubiquitinate downstream regions, thus resulting in
strongly reduced ubiquitination of H2BK123 in the body
of transcripts.

To further investigate the connection between the
deubiquitinases and the H2BK123ub-dependent marks,
we examined H2BK123ub-enriched probes for co-occu-
pancy with H3K4me3 or H3K79me3 in wild type, ubp8D,
and ubp10D (Fig. 4A). While the number of H2BK123ub-

enriched probes co-occurring with
H3K4me3 strongly increased in the
ubp8D strain, probes co-occurring with
H3K79me3 mainly increased in the
ubp10D strain (Fig. 4A). Since the ob-
served changes occurred mostly in the
TSS-proximal and mid-CDS regions,
we analyzed these gene segments fur-
ther and determined the overlap of de-
ubiquitinated segments by Ubp8 and
Ubp10 with segments marked by
H3K4me3 and H3K79me3 (Fig. 4B).
Supporting our hypothesis, regions
downstream from the TSS uniquely
deubiquitinated by Ubp8 were mainly
marked by H3K4me3, while very few
of these regions were solely enriched
for H3K79me3. In contrast, mid-CDS
segments uniquely deubiquitinated
by Ubp10 were mainly marked by
H3K79me3, with H3K4me3 being
mostly absent at these sites (Fig. 4B).

Despite the distinct lateral locali-
zation of H3K4me3 and H3K79me3
along genes, they overlapped at the tran-
sition of TSS-proximal and mid-CDS
(Figs. 1, 4). This suggested that both
Ubp8 and Ubp10 might be active

Figure 2. Site-specific removal of H2BK123 ubiquitin by Ubp8 and Ubp10. (A) Number of
probes enriched for H2BK123ub within transcripts in wild-type as well as ubp8 and ubp10
deletion strains. Venn diagrams comparing the overlap of these probes between the different
strains. (B) Distribution of H2BK123ub in wild-type as well as ubp8 and ubp10 deletion strains
across all transcripts, sorted by their transcriptional frequencies. Calculations and plotting as
in Figure 1A. (C) Differences in the enrichment of H2BK123ub in ubp8 and ubp10 deletion
strains. Enrichment scores for H2BK123ub in ubp8 and ubp10 deletion strains were subtracted
from wild-type enrichment scores and only positive-definite results were color-coded. Average
enrichment was calculated and transcripts were sorted as in Figure 1A.
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at these sites despite their otherwise exclusive target
regions.

Circuitry of H2BK123ub and its dependent marks,
H3K4me3 and H3K79me3

To further dissect the circuitry of H2BK123 ubiquitination/
deubiquitination and its dependent marks, we tested
whether loss of Ubp8 or Ubp10 had any consequences on
the genome-wide distribution of H3K4me3 and H3K79me3.
Extending previous observations based on bulk protein
blot analyses (Daniel et al. 2004; Gardner et al. 2005; Song
and Ahn 2010), we found that the genome-wide distribu-
tion of H3K4me3 and H3K79me3 remained largely un-
changed, and the site-specific location of these marks was
unaffected upon loss of either Ubp8 or Ubp10 (Supplemen-
tal Fig. S4). These findings suggest a temporal relation in
which the transient H2BK123ub mark
triggers the establishment of the rela-
tively stable H3K4me3 and H3K79me3
marks prior to its removal by Ubp8 and
Ubp10.

Integrating our findings with the cur-
rent understanding of the H2BK123ub
cross-talk, we propose the following
model (Fig. 5). Initially, Rad6/Bre1 is
recruited to promoters through inter-
actions with transcriptional activators,
catalyzing the monoubiquitination
of H2BK123 (Smith and Shilatifard
2010). Together with the surrounding
histone residues, H2BK123ub then
provides a molecular ‘‘tag,’’ attracting
Set1/COMPASS, which subsequently
trimethylates H3K4 (Lee et al. 2007;
Kim et al. 2009; Zheng et al. 2010).
Eventually, Ubp8 removes the bulky
H2BK123 monoubiquitin group, and
H3K4me3 remains as a memory mark

of recent transcriptional initiation
(Gerber and Shilatifard 2003; Krogan
et al. 2003; Ng et al. 2003; Muramoto
et al. 2010). In longer genes, which re-
quire an extensive transcription elonga-
tion phase, Rad6/Bre1 stay associated
with the elongating form of RNAPII and
monoubiquitinate H2BK123 through-
out the CDS. This provides a molecular
‘‘tag’’ recognized by Dot1, which binds
stronger to and resides longer at these
sites to specifically trimethylate H3K79
(McGinty et al. 2008; Schulze et al.
2009). In these regions, Ubp10 removes
H2BK123ub after establishment of
H3K79me3 by Dot1, and the stable
H3K79me3 mark remains.

The site specificity of Ubp8 and
Ubp10 raises the question of how target
regions are recognized for H2BK123ub
removal. Since Sus1 is required for re-
cruitment of Ubp8 to promoters and
forms a module with Sgf11 and Sgf73
as part of the SAGA complex (Henry
et al. 2003; Daniel et al. 2004; Kohler
et al. 2010; Samara et al. 2010), it

might help Ubp8 to be recruited to H3K4me3-marked
regions specifically (Kohler et al. 2006). Ubp10 has not
been identified to be part of any complex, and the mech-
anism of its recruitment to chromatin remains to be
determined. Although Ubp10 was proposed to play a role
in telomeric silencing (Emre et al. 2005; Gardner et al.
2005), we detected no H2BK123ub in telomeric regions,
including the TG repeat, X and Y9 elements in wild-type
and ubp8 and ubp10 deletion srains (Supplemental
Fig. S5; Supplemental Table S1), and we recently
demonstrated a limited role of H3K79 methylation in
natural telomeric silencing (Takahashi et al. 2011).
Furthermore, levels of H2BK123ub in subtelomeric re-
gions showed minimal site-specific changes upon loss of
Ubp8 or Ubp10 when compared with wild-type cells
(Supplemental Fig. S5). A recent study suggests that
Ubp10’s role at subtelomeric regions is context-dependent

Figure 3. H2BK123ub profiles in ubp8 and ubp10 deletion strains resembled H3K4me3 and
H3K79me3 profiles, respectively. All genes with known TSSs were divided into five length
classes, and the average enrichment for H2BK123ub wild-type and ubp8 and ubp10 deletion
strains as well as H3K4me3 and H3K79me3 were plotted in 150-bp increments. The
H2BK123ub profiles in the ubp8D and ubp10D strains resembled the averaged profiles of
H3K4me3 and H3K79me3, respectively.

Figure 4. Ubp8 removed H2BK123ub at sites enriched for H3K4me3, whereas Ubp10 acted on
H3K79me3-marked regions. (A) All probes enriched for H2BK123ub within transcripts in wild-
type as well as ubp8 and ubp10 deletion strains were compared with the number of these
probes enriched for H3K4me3 and H3K79me3. (B) Venn diagrams comparing the number of
TSS-proximal and mid-CDS segments newly enriched for H2BK123ub in ubp8 and ubp10
deletion strains. Circles represent the overlap of segments newly enriched for H2BK123ub
in ubp8 or ubp10 deletion strains. Bars indicate segments marked by H3K4me3 (light red),
H3K79me3 (light blue), or both (purple).
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and that it only exerts its function at subtelomeres upon
impairment of the H2A.Z chaperone Chz1 (Wan et al.
2010). Supporting its broader role in euchromatic regions
(Gardner et al. 2005), we revealed that Ubp10 specifically
removes H2BK123ub from H3K79 trimethylated coding
regions and provide a connection of Ubp10 (Dot4) and
Dot1 across the genome.

Proper addition and removal of H2BK123ub were pro-
posed to be essential for optimal gene expression. How-
ever, impaired removal of H2BK123ub only leads to
moderate effects on transcription levels (Gardner et al.
2005; Lenstra et al. 2011), and loss of Ubp8 does not alter
recruitment of RNAPII to GAL1 during gene activation
(Wyce et al. 2007). Here, we confirm and extend these
observations by showing that the genome-wide localiza-
tion of the Rpb3 subunit of RNAPII was modestly affected
by loss of either Ubp8 or Ubp10 (Supplemental Fig. S6).
Furthermore, the distribution of the key elongation mark
H3K36me3 was not altered upon loss of Ubp8 (Supple-
mental Fig. S4), despite the proposed function of H2B
monoubiquitination in stimulating the rate of transcrip-
tion elongation (Shukla and Bhaumik 2007; Tanny et al.
2007). Together, these findings suggest that transcription
elongation still takes place and that the cell is able to
sufficiently transcribe genes despite impaired removal of
the ubiquitin moiety on H2B. We speculate that an in-
direct removal of the ubiquitin mark occurs through
eviction of H2A and H2B during transcription and/or
histone turnover. Also, it is possible that H2BK123ub in
the body of the gene may play a role in positioning of
nucleosomes in front or in the wake of the transcribing
RNAPII and that the observed role of H2BK123ub in elon-
gation could be due to its role in nucleosomal positioning.
Indeed, in an accompanying study, Pugh and colleagues

(Batta et al. 2011) have uncovered a role of H2BK123ub in
nucleosomal organization in genic regions.

Taken together, here we comprehensively describe the
chromatin network around H2BK123ub and how it re-
lates to both dependent marks and the transcription cycle.
Most importantly, our results point toward distinct roles
of Ubp8 and Ubp10 in the deubiquitination machinery of
eukaryotic cells and are in agreement with previous models
describing deubiquitinases as major molecular regulators
(D’Andrea 2010).

Materials and methods

Details of the ChIP-on-chip experiments and the genome-wide localiza-

tion analyses are described in the Supplemental Material. In short, ChIPs

were performed using antibodies directed against the indicated histone

modifications, with a blocking peptide being added for the experiments

interrogating H2BK123ub. Precipitated DNA was amplified with two

rounds of T7 RNA polymerase amplification (Schulze et al. 2009) and

hybridized to Affymetrix 1.0R S. cerevisiae tiling microarrays. An adapted

version of the model-based analysis of tiling arrays (MAT) algorithm (Droit

et al. 2010) was used to reliably detect enriched regions as described

previously (Schulze et al. 2009), using mostly input DNA for normalization.

In the case of H2BK123ub, data were normalized to profiles obtained under

identical conditions from a H2BK123A mutant yeast strain. Custom-

written scripts were developed and used for subsequent data analysis as

described in the Supplemental Material.

Accession numbers

Data files may be accessed online at http://www.ebi.ac.uk/arrayexpress

under the accession number E-MEXP-3217.
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