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SUMMARY

The monoubiquitylation of histone H2B plays an important role in gene expression by
contributing to the regulation of transcription elongation and mRNA processing and export. We
explored additional cellular functions of this histone modification by investigating its localization
to intergenic regions. H2B ubiquitylation is present in chromatin around origins of DNA
replication in budding yeast, and as DNA is replicated its levels are maintained on daughter
strands by the Brel ubiquitin ligase. In the absence of H2B ubiquitylation, the pre-replication
complex is formed and activated, but replication fork progression is slowed down and the
replisome becomes unstable in the presence of hydroxyurea. H2B ubiquitylation promotes the
assembly or stability of nucleosomes on newly replicated DNA, and this function is postulated to
contribute to fork progression and replisome stability.

INTRODUCTION

The monoubiquitylation of histone H2B (H2Bub1) has emerged as an important
modification in the RNA polymerase Il (Pol Il) transcription cycle (Weake and Workman,
2008). The majority of H2Bub1 in chromatin is localized to gene coding regions through the
co-transcriptional association of the Brel ubiquitin ligase and Rad6 ubiquitin conjugase with
elongating Pol 11 (Fleming et al., 2008; Minsky et al., 2008; Schulze et al., 2009; Xiao et al.,
2005). The ubiquitylation of H2B is dynamic, and cycles of ubiquitylation and
deubiquitylation that occur during transcription are a prerequisite for optimal gene
expression (Henry et al., 2003; Osley et al., 2006). A key role for H2B ubiquitylation is to
control Pol 1l elongation. The absence of H2Bub1 destabilizes elongating Pol |1, while the
persistence of H2Bub1 inhibits recruitment of the CTK1 kinase that regulates events
important for transcription elongation (Fleming et al., 2008; Wyce et al., 2007). Additional
transcription-coupled roles for H2Bub1 include mRNA 3’ end formation, processing, and
export, along with pre-mRNA splicing (Pirngruber et al., 2009; Shieh et al., 2011; Tomson
et al., 2011; Vitaliano-Prunier et al., 2012). Finally, H2Bub1 controls the trans-methylation
of histone H3 on lysines 4 and 79, two modifications that also have important roles in
various aspects of transcriptional regulation (Nakanishi et al., 2009).

H2Bub1 also performs transcription-independent functions in the cell. These include roles in
meiosis, the UV-induced checkpoint pathway, DNA double-strand repair, apoptosis, and the
Setl-directed methylation of the kinetochore-associated protein, Dam1 (Chernikova et al.,
2010; Game and Chernikova, 2009; Giannattasio et al., 2005; Latham et al., 2011;
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Nakamura et al., 2011; Walter et al., 2010; Yamashita et al., 2004). This raised the question
of whether H2Bub1 has additional cellular functions. The similarities between DNA
replication and transcription suggested that H2Bub1 could have roles in DNA replication
analogous to its functions in transcription. Both processes involve the recruitment of multi-
subunit polymerase complexes to specific genomic sites, followed by the movement of
polymerases along the chromatin fiber. Importantly, similar patterns of nucleosome
dynamics occur during transcription elongation and DNA replication. Ahead of the
advancing polymerases, nucleosomes are displaced from DNA, and behind the polymerases
nucleosomes are assembled to restore chromatin structure (Corpet and Almouzni, 2009;
Schwabish and Struhl, 2004). Other similarities between the two processes include a
functional coupling between nucleosome assembly and polymerase progression. Failure to
properly reassemble nucleosomes during transcription elongation leads to destabillzation of
Pol Il (Fleming et al., 2008). Similarly, the replisome becomes unstable when nucleosome
assembly is defective during DNA replication (Burgess and Zhang, 2010b; Clemente-Ruiz
and Prado, 2009; Groth et al., 2007; Groth et al., 2005).

In this study, we report that H2Bub1 is present in chromatin adjacent to several well-
characterized origins of replication in yeast. During replication H2Bub1 levels are
maintained via the association of Brel with newly replicated DNA. In the absence of
H2Bub1, cells became sensitive to hydroxyurea, implicating this mark in the cellular
response to replication stress. Analysis of the loading of key replisome factors onto origins
in an Atb-K123R mutant showed that the pre-replication (pre-RC) complex was assembled
and activated normally. However, there was decreased association of factors required for
DNA synthesis, which corresponded with a defect in progression of the replication fork and
destabilization of the replisome. Histone occupancy was also impaired around replicated
origins in the absence of H2Bub1, supporting the view that this histone modification
promotes the stability and advancement of replication forks by regulating nucleosome
assembly or stability on newly replicated DNA.

H2Bub1l is present in chromatin adjacent to replication origins and maintained on
duplicated daughter strands

Several large scale studies have reported that H2B is ubiquitylated in nucleosomes that flank
replication origins, even though these regions are ORF-free (Unnikrishnan et al., 2010;
Schulze et al., 2011). To confirm the presence of H2Bub1 at origins, we used an H2Bub1
antibody (Schulze et al., 2009) in ChIP experiments with several well-characterized early
(ARS305, ARS306, ARS607) and late (ARS501, ARS610) origins (Fig. 1A, left panel).
H2Bubl and histones were present at each origin and their occupancy was not significantly
different between cells in G2/M and G1 phase (Fig. S1B). Although the levels of H2Bub1
were generally lower at origins than on transcribed genes, they were significantly higher
than those at the transcriptionally silent HMRa locus (Fig. 1A, POL5and Fig. S1A, left
panel) (Shieh et al., 2011). The one exception was the telomere-proximal late origin,
ARS610, which had very low levels of H2Bub1.

Similar to H2Bubl, Brel was present at the same early and late origins in both G2/M and
G1 phase cells (Fig. 1A, right panel). The origin-associated levels of Brel were also
equivalent between the two cell cycle stages and comparable to Brel levels at POL5, a
moderately transcribed gene (Fig. S1A, right panel). Interestingly, Brel levels were highest
at ARS610, which had the lowest levels of H2Bub1, suggesting that the ligase might have
another function at this origin (Fig. 1A). Together, the data indicate that both Brel and
H2Bub1 are associated with replication origins.
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The similar levels of these factors at origins in G1 and G2/M cells suggested that the
modification is maintained after origins are fired. To follow the levels of H2Bub1 at origins
during DNA replication, we arrested wild type cells in G1 with a-factor and then released
the cells into media containing 0.2M hydroxyurea (HU). Cells enter S phase in the presence
of HU and DNA synthesis proceeds from activated early origins at a reduced rate for several
kilobases before replication forks stall. Two early (ARS305, ARS306) and one late
(ARS501) origins were first analyzed for DNA content and H2B levels during release of
cells into HU. The levels of both DNA and H2B increased ~2-fold at the early origins
around 60 min after the release of cells into HU, reflecting the duplication of DNA and
chromatin at these elements (Fig. 1B, C). There was no change in either DNA or H2B levels
at the late origin because of activation of the intra-S phase checkpoint (Fig. 1B, C)
(Santocanale and Diffley, 1998).

The levels of H2Bub1 and Brel also increased ~2- fold exclusively at early origins, with the
increase in Brel occupancy slightly preceded the accumulation of H2Bub1 (Fig. 1D, E and
Fig. S1D, E; data not shown). Because the levels of H2Bub1 and Brel increased in direct
proportion to the amount of DNA replicated, H2Bubl and Brel must be present on both
daughter strands (Fig. S1C). When cells entered S phase in the presence of HU, Brel and
H2Bubl accumulated at regions several Kb distal to origins (Fig. S1D, E). This suggested
that H2Bub1l is maintained at origins through the association of Brel with replicating
chromatin. Brel is recruited to regions of active transcription and travels with elongating Pol
I1 (Kim and Roeder, 2009; Xiao et al., 2005). However, the pattern of Brel accumulation
was not consistent with Brel traveling with the replisome.

Cells are sensitive to hydroxyurea in the absence of H2B ubiquitylation

To investigate the functional significance of H2Bub1 at origins, we examined the sensitivity
of htb-K123R cells to agents that inhibit DNA replication. An Atb-K123R mutant was
hypersensitive to HU but mildly sensitive to methyl methane sulfonate or camptothecin (Fig.
2A and Fig. S2A, B). The HU sensitivity conferred by /tb-K123R was found in different
genetic backgrounds and as well as in a breZ4 mutant (Fig. S2A). Importantly, #h/t-K4A and
hht-K79A mutants, alone or in combination, were significantly less sensitive to HU than an
htb-K123R mutant (Fig. S2A). This indicates that the HU-sensitivity of Atb-K123R is not a
consequence of the H2Bub1-dependent trans-methylation of H3 by Setl and Dotl
(Nakanishi et al., 2009).

We asked if the HU sensitivity of an /Atb-K123R mutant represented a defect in the intra-S
phase checkpoint by monitoring phosphorylation of the Rad53 kinase. Rad53
phosphorylation is triggered by agents that block fork progression to stabilize stalled
replisomes adjacent to active origins and prevent the firing of late origins (Branzei and
Foiani, 2006; Segurado and Tercero, 2009). We followed Rad53 phosphorylation by western
blot analysis after cells were released from G1 into HU (Fig. 2B). In wild type cells
phospho-Rad53 appeared ~30 minutes after release into HU, indicating activation of the
intra-S checkpoint. In the Atb-K123R mutant phospho-Rad53 was not detected until 60
minutes after release. The delayed activation of the checkpoint in these cells likely
represents the delayed entry of the mutant into S phase, as discussed below.

When the HU block was removed, phospho-Rad53 was lost in both wild type and Az6-
K123R cells, indicating deactivation of the checkpoint (Fig. 2B). Phospho-Rad53
disappeared more rapidly in the mutant and the levels of phospho-Rad53 were also lower
during HU. The diminished levels of phospho-Rad53 in Atb-K123R cells likely reflect the
reduced levels of ssDNA and RPA at origins, as shown in later results (Fig. 5D; Fig. S7B).
However, there was no evidence for DNA replication at late origins (Fig. 1B and data not
shown) and htb-K123R cells did not prematurely release from the HU-induced S phase
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block as measured by FACS (Fig. 2D). Additionally, the checkpoint responsive genes
RNRZ2, RNR3, and RNR4 were upregulated in both wild type and mutant cells during HU
(data not shown). Together, the data indicate that the intra-S phase checkpoint remained
fully active in Atb-K123R cells throughout the entire HU time-course

DNA replication is initiated in the absence of H2B ubiquitylation

To investigate the point in the DNA replication cycle that was sensitive to the absence of
H2Bub1l, we arrested cells in G1, followed by release into HU. S phase entry was monitored
by bud formation, which occurs co-incidentally with the initiation of DNA synthesis (Fig.
2C). Multiple experiments showed that both Atb-K123R and brelA cells had an
approximately 15-20 minute delay in bud formation compared to wild type (Fig. S3B and
data not shown). We attributed this delayed entry into S phase to the reduced expression of
several cyclin genes (CLNI, CLNZ, and CLB5) that are important for the G1 to S phase
transition (Fig. S2C)(Bloom and Cross, 2007). A cell cycle delay also occurs in rad6A and
brelA cells and has been ascribed to a role of Rad6 and Brel in transcriptional regulation of
cyclin genes (Zimmermann et al., 2011). Despite the transcriptional defect, /tb-K123R cells
eventually budded and entered S phase, generally with a 15-20 minute delay, consistent with
the delayed activation of the intra-S phase checkpoint.

In budding yeast, the Origin Recognition Complex (ORC) is present at both early and late
origins throughout the cell cycle (Toone et al., 1997). During G1, Cdc6 and Cdt1 bind to
ORC and coordinate the loading of the MCM helicase, which together with ORC forms the
pre-replication complex (pre-RC) (Lei and Tye, 2001; Takara and Bell, 2011). MCM
binding completes pre-RC licensing, making it competent for firing when cells enter S
phase. To investigate if the delayed initiation of S phase in /tb-K123R cells was due to a
defect in the establishment of the pre-RC, we first measured Orc2-HA occupancy at origins.
Orc2 was present at equivalent levels at origins in wild type and Atb-K123R cells, indicating
that H2Bub1 was dispensable for its loading (Fig. 3A). We then monitored the kinetics of
Mcm4-Myc recruitment to origins as cells progressed synchronously from G2/M phase to
G1 phase (Fig. 3B). Mcm4 was recruited to both early and late origins in At6-K123R cells
with similar kinetics and to the same levels as in wild type cells (Fig. 3C and Fig. S4A).

The pre-RC is primed for release of MCM at the G1 to S transition after the recruitment of
Cdc45 and the CDK-dependent phosphorylation of Sld2 and other factors (Aparicio et al.,
2006; Araki, 2010). Cdc45 associates with the MCM complex exclusively at early origins
(Heller et al., 2011; Labib, 2010). To investigate if H2Bubl was required for Cdc45
recruitment to these origins, Cdc45 occupancy was measured by ChIP as cells were released
from G2/M into G1 (Fig. 3D and Fig. S4B). Cdc45 was present at equivalent levels at early
origins in both wild type and Atb-K123R cells, but absent from late origins. We then
monitored the phosphorylation of SId2 in both strains. Sld2 interacts with a complex that
includes Dpb11, GINS, and DNA polymerase epsilon (Pole) to form the pre-loading
complex (pre-LC)(Araki, 2010). The association of this complex with the pre-RC is thought
to complete its activation to initiate DNA synthesis (MacNeill, 2010). Because htb-K123R
cells have decreased expression of several G1 cyclin genes whose products form the active
CDK, it was possible that reduced CDK activity accounted for the delayed entry of the
mutant into S phase. Western blot analysis revealed a shift in the apparent molecular weight
of SId2 in both wild type and Atb-K123R cells when they entered S phase in the presence of
HU (Fig. 3E). This shift could be reversed by phosphatase treatment and was consistent with
Sld2 phosphorylation (Fig. S4C). The ~30 minute delay in the appearance of phospho-Sld2
in htb-K123R cells again correlated with delayed entry of these cells into S phase (Fig. 3E).
Thus, the key factors required for the initiation of DNA synthesis are present and activated
in the absence of H2Bub1.
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Cells lacking H2B ubiquitylation show a defect in S phase progression

The maintenance of H2Bub1 on newly replicated chromatin suggested that the mark plays a
role in the progression of S phase. To examine this possibility, cells were arrested in G1,
allowed to initiate S-phase in the presence of HU, and then released into media without HU
but containing nocodazole. This resulted in the passage of cells through a single S phase and
excluded effects on DNA replication resulting from the delayed entry of htb-K123R cells
into S phase. FACS analysis revealed a delay in the completion of DNA synthesis 7n htb-
K123R cells after HU was removed (Fig. 2D). Whereas wild type cells completed DNA
synthesis ~60 minutes after release from HU, it took about 20 minutes longer for mutant
cells to duplicate their genome. We confirmed the S phase kinetics by measuring the global
levels of the S phase marker, H3K56ac, and the G2/M marker, Clb2, in the same
experiment. In wild type cells maximum levels of H3K56ac occurred ~60 minutes post-HU
release (Fig. S3A), coinciding with the completion of DNA synthesis as measured by FACS
(Fig. 2D). By 80 minutes, H3K56ac levels were significantly decreased and Clb2 had
accumulated, indicating that cells had reached G2 phase (Fig. S3A). In contrast, in /tb-
K123R cells H3K56ac was present for a longer period of time and not significantly turned
over until 100 minutes post-HU release, around the same time that Clb2 accumulated (Fig.
S3A). Together, the data indicate that H2Bub1 is important for progression of S phase after
removal of HU-induced replication stress.

To investigate whether H2Bub1 played a role in S phase progression in an unperturbed cell
cycle, we monitored DNA content by FACS when cells were released from G1 in the
absence of HU. Bud counts confirmed that /4t6-K223R cells again had a slower (~15 min)
entry into S phase compared to wild type cells (Fig. S3B). After accounting for the delay in
S phase initiation, S phase was ~15 min longer in the mutant (Fig. S3C). Thus, the data
suggest that H2Bub1 has a role in normal S phase progression.

H2B ubiquitylation promotes replisome stability during a G1 to HU shift

The slower progression of htb-K123R cells through S phase could result from the instability
of the replisome at stalled replication forks. To test this hypothesis, we used ChIP to monitor
the association of key replisome components with two early origins during a G1 to HU shift.
Mcm4 and Cdc45 were recruited to similar levels at these origins in both wild type and Atb-
K123R cells during G1 (Fig. 3C, D). The amount of Mcm4 and Cdc45 at origins decreased
when these cells were released from G1 into HU (Fig. 4A, B and Fig. S5A, B). In wild type
cells this decrease was due to the movement of both factors away from the origin to
positions several kilobases distal (Fig. 4A, B and Fig. S5A, B). However, in hth-K123R
cells only a small fraction of Mcm4 and Cdc45 redistributed downstream of the origin (Fig.
4A, B and Fig. S5A, B). These data suggest that in mutant cells a significant fraction of
Mcm4 and Cdc45 dissociated from DNA as cells entered S phase, leading to fewer stable
replisomes at origin-distal positions.

Next, we monitored factors that associate with origins only after activation of the pre-RC
(Gambus et al., 2009; MacNeill, 2010). We first measured the occupancy of Psf2, a
component of the GINS complex that is important for both the establishment of the
replication fork at origins and fork progression (Aparicio et al., 2006; Kanemaki and Labib,
2006; Labib and Gambus, 2007). In wild type cells Psf2 specifically associated with origins
as cells entered S phase and then migrated to adjacent sequences with the advancing fork
(Fig. 4C and Fig. S5C). In contrast, only very low levels of Psf2 associated with these same
origins in htb-K123R cells, consistent with the instability of MCM/Cdc45 in this strain (Fig.
4C and Fig. S5C).
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Factors required for leading and lagging strand DNA synthesis, including DNA Pole, DNA
Pola, PCNA, and RPA, also associated with origins and then redistributed to origin-distal
positions when wild type cells entered S phase (Fig. 5A-D and Fig. S6A-D). However, in
htb-K123R cells Pola, Pole, and RPA associated inefficiently with origins and did not
accumulate to significant levels at positions downstream of origins (Fig. 5A, B, D and Fig.
S6A, B, D). This phenotype appeared to be somewhat origin specific. While Pole was
present at low levels at both ARS305 and ARS306 (Fig. 5A), it accumulated to levels
similar to those in wild type cells at ARS607 (Fig. S6A). Importantly, these replication
factors were not present at the ARS501 late origin in either wild type or mutant cells,
indicating that the intra-S phase checkpoint remained functional (Fig. S6A-D). Moreover,
the reduced occupancy of replisome factors in htb-K123R cells was not the consequence of
the reduced expression of genes that encode these proteins as evidenced by RT-PCR or
western blot analysis (Fig. S7A and data not shown).

In contrast to Pola., PCNA occupancy at origins was not significantly lower in the htb-K123
mutant compared to the wild type strain (Fig. 5C and Fig. S6C). This phenotype is
consistent with origin firing and subsequent collapse in the absence of H2Bub1
(Papamichos-Chronakis and Peterson, 2008). In support of this conclusion, reduced levels of
single-stranded DNA replication intermediates (RI) were present at ARS305 in /At0-K123R
cells during a G1 to HU shift (Fig. S7B) and RPA occupancy was lower at this origin (Fig.
5D). The collective data suggest that H2Bub1 plays an important role in the progression and
integrity of replication forks.

H2B ubiquitylation regulates histone occupancy on replicated DNA

As the replisome progresses, one nucleosome is displaced in front of the fork and two
nucleosomes are assembled on newly replicated DNA behind the fork (Corpet and
Almouzni, 2009). Newly assembled nucleosomes are then “matured” to restore chromatin
organization and stability. To investigate if H2Bubl regulates nucleosome assembly or
stability during replication, we first measured the amount of DNA replicated immediately
adjacent to three early origins upon a G1 to HU shift using both a quantitative PCR assay of
genomic DNA and BrdU ChlIP. By 120 min after the shift, origin-proximal DNA was
replicated to the same extent (~2-fold increase over G1) and with similar kinetics in both
wild type and htb-K123R cells, while no replication occurred at the ARS501 late origin (Fig.
6A-C and Fig. S8A, C). However, at origin distal positions, there was a significant decrease
in the amount of replicated DNA as well as a pronounced kinetic delay in replication in the
htb-K123R mutant (Fig. 6A-C and Fig. S8C). These results support our previous observation
that /Atb-K123R cells initiate replication normally but have a defect in replication fork
progression that becomes apparent at origin-distal positions. Because origin-proximal
sequences were replicated in the mutant, the reduced occupancy of replisome components at
origins must therefore reflect the reduced stability of these factors rather than a failure to
recruit them.

We then examined histone occupancy on replicated DNA by measuring H3 levels on origin-
proximal DNA (Fig. 6A and Fig. S8B). The level of H3 at ARS305, ARS306, and ARS607
almost doubled in wild type cells by 120 min after a shift to HU, but remained unchanged at
the ARS501 late origin. In contrast, in /Atb-K123R cells there was ~25% less H3 at these
origins and the kinetics of H3 deposition were slower (Fig. 6A and Fig. S8B). Reduced
levels of H3K56 acetylation, a mark of newly synthesized H3, were also found at early
origins in mutant cells (Fig. 6D and data not shown). Importantly, total cellular levels of H3
and H3K56ac were not affected by the absence of H2Bub1 (data not shown). These data
indicate that despite the duplication of sequences immediately adjacent to active origins in
htb-K123R cells, substantially less H3 was present at these origins. These results are
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consistent with either a defect in nucleosome assembly at origins or a failure to stabilize
assembled nucleosomes during chromatin maturation.

The MCM helicase contributes to fork progression by unwinding DNA and displacing
nucleosomes ahead of the fork by its association with FACT, a histone chaperone and
nucleosome re-organization factor (Abe et al., 2011; Han et al., 2010; Kundu et al., 2011,
Tan et al., 2006; Tan et al., 2010). H2Bub1 and Spt16, the histone-binding subunit of yeast
FACT, co-operate to restore nucleosome occupancy during transcription elongation.
Moreover, H2Bub1 stabilizes Spt16 association with transcribing DNA (Fleming et al.,
2008). We asked if H2Bub1 had similar functional interactions with Spt16 during
replication. An htb-K123R spt16-197 double mutant showed enhanced HU sensitivity,
consistent with overlapping roles in replication (Fig. S8E). We used ChIP to measure
recruitment of Spt16 to origins during a G1 to HU shift. Spt16 was recruited to the ARS305
early origin but not to the ARS501 late origin in both the presence and absence of H2Bub1
(Fig. S8D and data not shown). In wild type cells, Spt16 was also present at two ARS305-
distal positions in a pattern consistent with its transient association with the advancing
replisome (Fig. S8D). However, Spt16 occupancy was significantly reduced at these same
distal positions in Atb-K123R cells, suggesting that H2Bub1 stabilizes Spt16 on replicating
chromatin.

The HR pathway is important for DNA replication in the absence of H2B ubiquitylation

Despite the destabilization of the replisome in Atb-K123R cells during exposure to HU, S
phase was eventually completed when the inhibitor was removed. The homologous
recombination (HR) pathway can promote the recovery of stalled or collapsed forks that lead
to DNA double-strand breaks (DSBs) (Branzei and Foiani, 2006). Very low levels of the
DSB-induced modification, phospho-H2A, were present at early origins during a HU shift in
both wild type and Atb1-K123R cells (data not shown). However, in checkpoint proficient
yeast HU does not generate DSBS, and single-stranded DNA formed at stalled forks can
initiate the HR pathway (Alabert et al., 2009). We investigated the role of HR in HU
recovery by examining the phenotypes of wild type and /tb-K123R strains in which the
RADS52 gene was deleted. RAD52encodes a key player in the HR pathway and rad524
cells are highly sensitive to HU. A rad52A htb-K123R double mutant was even more
sensitive to HU than rad52A alone (Fig. S9A). Moreover, DNA replication was significantly
slower in the double mutant compared to a rad52A4 strain when cells were released from an
HU block (Fig. S9B). Together, the data suggest that the absence of H2Bub1 triggers HR-
dependent processes to complete DNA synthesis as a consequence of replisome instability
that occurs during HU treatment.

DISCUSSION

In this study, we present evidence directly linking H2B ubiquitylation to the regulation of
DNA replication in yeast. H2Bub1 is present in chromatin adjacent to several well-
characterized origins of replication, as is the H2B ubiquitin ligase, Brel. As the replication
fork advances, both H2Bub1 and Brel levels are maintained on newly replicated DNA. In
the absence of H2Bub1, cells become sensitive to hydroxyurea, which causes replication
fork stalling, and the completion of DNA synthesis occurs more slowly after removal of the
HU block. This phenotype results from the instability of the MCM helicase and the reduced
association of key factors that mediate DNA replication. H2Bub1 regulates the assembly or
stability of nucleosomes on newly replicated DNA, and this role is postulated to promote
replication fork progression and replisome stability.
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Ubiquitylation of H2B at origins during DNA replication

We hypothesize that during replication H2Bub1 levels are maintained on replicated DNA by
the recycling of marked parental nucleosomes coupled with Brel-dependent ubiquitylation
of newly synthesized H2B deposited on DNA behind the fork (Fig. 7). Yeast replication
origins are present in ORF-free regions that are flanked by well-positioned nucleosomes,
raising the question of how Brel could be targeted to H2B in this chromatin context (Eaton
et al., 2010). The pattern of Brel association with replicating DNA is not consistent with
Brel traveling with the activated replisome, as it does with elongating Pol 1l during
transcription (Xiao et al., 2005). Instead, Brel appears to associate with replicated DNA de
novo. Brel interacts with oligonucleosomes /7 vitro and has not been reported to directly
bind to DNA (Kim and Roeder, 2009). Thus, Brel could recognize some special feature of
chromatin assembled behind the fork such as H3 or H4 acetylation, which marks newly
deposited histones (Falbo and Shen, 2009). These marks turn over as chromatin matures, but
Brel remains associated with chromatin as the fork advances. This scenario could account
for both the recruitment of Brel to newly assembled chromatin as well as the observation
that Brel does not actively move with the fork.

H2B ubiquitylation promotes nucleosome assembly or stability during replication

In the absence of H2Bub1 H3 occupancy is decreased on origin-proximal DNA soon after it
is replicated. This phenotype is consistent with a role for H2Bub1 in promoting nucleosome
assembly during replication. Parallel pathways involving histone acetytransferases and
histone chaperones deposit newly synthesized histones onto newly replicated DNA. The
ASF1-Rtt109/CAF-I-Rtt106 pathway deposits H3 marked by acetylated lysine 56, while the
Gcenb/CAF-I-Rtt106 pathway deposits H3 acetylated on lysine 27 and enhances H3K56ac
deposition by CAF-1 (Driscoll et al., 2007; Li et al., 2008; Burgess et al., 2010; Burgess and
Zhang, 2010a; Burgess and Zhang, 2010b; Li et al., 2011). The reduced occupancy of
H3K56ac at origins in Atb-K123R cells suggests that H2Bub1 interacts with one or both
pathways to regulate the deposition of newly synthesized H3. H2Bub1 might stabilize the
interaction of H3K56ac with ASF1 or promote the transfer of H3K56ac to CAF-I.
Alternatively, it might affect H3K27 acetylation by Gcenb5 or its transfer to CAF-1. In support
of a role for H2Bubl in these assembly pathways, an asflA htb-K123R double mutant is
significantly more sensitive to HU than either single mutant (data not shown).

Both the ASF1 and FACT histone chaperones have been implicated in deposition of
displaced parental histones behind the fork (Groth et al., 2007; Groth et al., 2005;
Jasencakova and Groth, 2010; Abe et al., 2011). The reduced stability of Spt16 on replicated
DNA in htb-K123R cells suggests that H2Bub1 might also affect the deposition of parental
nucleosomes through similar chaperone interactions. H2Bub1l co-operates with Spt16
(FACT) to assemble nucleosomes in the wake of transcribing Pol Il (Fleming et al., 2008).
Strikingly, Spt16 promotes the deposition of H3-H4 evicted by Pol Il, which is similar to the
recycling of parental H3-H4 histones during replication (Jamai et al., 2009). This raises the
possibility that H2Bub1 and Spt16 co-operate to assemble histones displaced in front of
advancing polymerases.

An alternative role for H2Bubl at the fork is that it stabilizes newly assembled nucleosomes
on replicated DNA, consistent with its global role in promoting chromatin stability (Batta et
al., 2011; Chandrasekharan et al., 2009). These two roles need not be mutually exclusive.
H2Bub1 could both promote histone deposition and stabilize nucleosomes behind the
advancing fork. Finally, H2Bub1 might contribute to nucleosome positioning around
origins. Nucleosomes immediately adjacent to origins are well positioned, an arrangement
that facilitates origin activation and promotes fork progression (Berbenetz et al., 2010; Eaton
et al., 2010). Because several well-studied origins in At6-K123R cells show normal ORC
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association and pre-RC activation, this suggests that the nucleosomal structure at origins is
generally maintained. Global analysis of chromatin structure around origins in the /zb-
K123R mutant will address this issue.

H2B ubiquitylation promotes efficient replication fork progression and replisome stability

Several lines of evidence suggest that inefficient replication in Atb-K123R cells is a
consequence of a defect in unwinding DNA in the context of chromatin. First, less SSDNA is
formed during a G1 to HU shift. Second, there is reduced RPA association with active
origins but fairly normal recruitment of PCNA to the same origins. These data implicate
H2Bub1 in the activity of the MCM helicase. MCM promotes fork progression through its
contribution to nucleosome displacement ahead of the fork in addition to its role in DNA
unwinding, and both activities are required for replisome advancement (Groth et al., 2007).
We consider two mechanisms by which H2Bub1 could influence these MCM functions.
First, MCM-dependent nucleosome displacement in front of the fork could be coupled to
nucleosome assembly behind the fork; in the absence of proper nucleosome assembly or
stability in htb-K123R cells, a negative feedback loop would be activated to inhibit the
helicase. Alternatively, H2Bubl could affect the association of MCM with FACT. FACT
stimulates the helicase activity of MCM and together the two factors promote replication on
chromatin templates (Abe et al., 2011; Han et al., 2010; Kundu et al., 2011; Tan et al., 2006;
Tan et al., 2010). Because FACT is not stably associated with origin-adjacent chromatin in
the absence of H2Bub1, the lower levels of FACT could in turn affect the activity and
stability of MCM, impeding fork progression and leading to replisome destabilization.

The genome is eventually duplicated in Atb-K123R cells after replication stress is removed.
This is accomplished in part by a pool of stable replisomes that resume replication when HU
is removed. Additional licensed origins that fire when the checkpoint is alleviated could also
contribute to the completion of DNA replication. However, our studies suggest that the HR
pathway plays an important role in restoring replication in mutant cells. While we have not
directly examined the effect of /tb-K123R on HR, we have not detected increased levels of
markers of DSBs in this mutant in either the presence or absence of HU (unpublished data).

In summary, the data have extended the range of H2Bubl cellular functions to include DNA
replication. H2Bub1 is present in chromatin adjacent to replication origins and maintained
on chromatin after passage of the replication fork. During replication H2Bubl1 promotes the
assembly and/or stability of nucleosomes behind the advancing replication fork, in striking
similarity to its function in transcription elongation. This function could play a key role in
promoting the efficient progression of the replication fork and in stabilizing the replisome
upon replication stress.

EXPERIMENTAL PROCEDURES

Yeast strains and growth conditions

Strains are listed in Supplemental Table 1. Cells were grown in YPD medium at 30°C unless
otherwise noted. Strains containing tagged or deleted genes were constructed by standard
yeast genetic and molecular techniques.

Cell Synchronization

Cells were grown in YPD medium at 30°C to a density of 0.4 O.D. units prior to the
addition of 5pg/ml a-factor (United Biochemical Research). Additional a.-factor aliquots
were added after 45 and 90 min for a total of 135 min. G1 arrested cells were collected for
ChlIP, western blot analysis, and FACS. The remainder of the culture was centrifuged,
washed, and resuspended in pre-warmed YPD medium containing 60pg/ml pronase
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(Sigma), 5mM CaCls,, and 0.2M hydroxyurea (HU; Sigma) for 2 hours. HU was removed
from cells by centrifugation and washing, followed by resuspension in pre-warmed YPD
medium containing 20p.g/ml nocodazole (Sigma). In experiments investigating pre-RC
formation, mid-log phase cells growing in YPD medium were arrested with 20p.g/ml
nocodazole for 90 minutes, collected and washed with prewarmed medium, and resuspended
in YPD medium containing 5pg/ml a-factor. Additional a-factor boosts were given at 45
and 90 minutes post-nocodozole release.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation was performed on formaldehyde fixed, sonicated chromatin
using the following antibodies: anti-Flag M2 agarose (Sigma); anti-HA 12CA5 (Roche);
anti-Myc 9E10 (Millipore); anti-H3K56ac (Millipore); anti-Pol30 (P. Kaufman); anti-Spt16
(T. Formosa); anti-RPA (W-D. Heyer); anti-H2Bubl (A. Shitatifard); anti-H3 C-terminus
(Active Motif); and anti-BrdU (GE Healthcare). ChIP DNAs were quantified by real-time
gPCR using a SYBR-Green PCR mix (Fermentas) and an AB17900 real time PCR system.
ChIP antibody conditions and gPCR primers are available upon request. IP signals at origins
were normalized to the IP signal at the AS/Z ORF, which is 40Kb from the nearest origin.
Where indicated, data were further normalized to G1 samples and input DNA. For H2Bub1
ChIP, background levels were determined by performing an anti-H2Bub1 ChIP in an Atb-
K123R strain alongside the wild type strain (Schulze et al., 2009). The background levels
were then subtracted from the wild type qPCR values prior to normalization.

Additional experimental procedures are presented in Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. H2Bubl is maintained on replicating DNA
ChlIP analysis of H2Bub1 and Flag-Brel at selected replication origins in log phase cells. A.
H2Bubl (left panel) and Flag-Brel (right panel) levels in G2/M and G1 arrested cells. B-E.
G1 cells arrested with a-factor were released into 0.2M hydroxyurea (HU). Samples were
analyzed by qPCR for the levels of origin-proximal DNA (B) or by ChIP for the
accumulation of Flag-H2B (C), H2Bub1 (D) and Flag-Brel (E) at two early (ARS305 and
ARS306) and one late (ARS501) origin. Error bars indicate the standard deviation from 2-3
independent experiments (A, C, D, E) or three technical replicates (B). In all cases, IP
signals at ARS sequences were normalized to IP signals at the AS/Z locus. In panel A,
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relative IPs were further normalized to input DNA. In panels B-E, IP levels were normalized
to G1 IP levels, which were set as 1.
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Figure 2. htb-K123R cells ar e sensitive to hydr oxyurea and show a delay in S phase entry

A. Wild type (WT) and Atb-K123R cells were serially diluted and spotted onto YPD plates
containing HU, and photographed after 3 days. B. Rad53 phosphorylation was analyzed by
western blot analysis of TCA extracts using a polyclonal Rad53 antibody. GEPDH served as
a loading control. C, D. Cells were arrested in G1 with a-factor, released into 0.2M HU for
120 minutes, and then incubated in medium without HU but with 20p.g/ml nocodazole. The
percentage of budded cells was determined by microscopic examination (C), and DNA
content was measured by FACS (D).
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Figure 3. The pre-RC isassembled and activated in the absence of H2Bub1

A. ChlIP analysis of Orc2-HA levels at four replication origins in log phase cells. Error bars
represent the standard deviation between two independent experiments. B. FACS analysis of
DNA content in log phase cells, nocodazole-arrested cells (G2/M), or nocodazole-arrested
cells released into a-factor for 100 minutes (G1). The FACS data correspond to the ChIP
data in C and D. C, D. Mcm4-Myc (C) and Cdc45-Myc (D) occupancy at origins in cells
released from nocodazole arrest into media supplemented with a-factor. Error bars represent
the standard deviation from three technical replicates. E. CDK-dependent phosphorylation
of Sld2 was monitored by western blot analysis of TCA lysates from cells arrested in G1 and
released into 0.2M HU. G6PDH was used as a loading control. The ChIP data in panels A,
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C, D represent IP values for each ARS relative to the IP value at the AS/Z ORF, and then

corrected for the ratios of amplification using input DNA. The htb-K123R values are
represented relative to WT values in asynchronous cells (A) or G2/M arrested cells (C, D).
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Figure4. H2Bublisimportant for replisome stability in the presence of HU
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ChIP analysis of selected replisome factors at ARS305 and two ARS305-distal positions
(1.5 Kb and 2.5 Kb) after the release of cells from G1 into 0.2M HU. A. Mcm4-Myc. B.
Cdc45-Myec. C. Psf2-Myc. Error bars represent the standard deviation from two independent
experiments (A, B) or from three technical replicates (C). The ChIP data represent IP values
for each ARS relative to the IP value at the AS/Z ORF, and then corrected for the ratios of
amplification using input DNA. The data were further normalized to G1 values, which were

setas 1.
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Figure 5. Leading and lagging strand factor s have reduced origin association in the absence of

H2Bubl

ChIP analysis of factors mediating leading and lagging strand DNA synthesis as described in
Fig. 4 legend. A. DNA Pole; B. DNA Pola; C. PCNA; D. RPA. Error bars represent the
standard deviation between two independent experiments (C, D) or from three technical
replicates (A, B). IP signals were normalized as described in Fig. 4 legend.
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Figure 6. H2Bubl playsarolein histone deposition during DNA replication

A. DNA content at each ARS and two ARS-distal positions was quantitated by gPCR and
normalized to the DNA content at AS/Z 120 minutes after release of cells from G1 into HU
(left panel). ChIP analysis of H3 (right panel). IP signals were normalized as described in
Fig. 4 legend. Error bars represent the standard deviation from 4-6 independent experiments,
and the asterices indicate p values of <0.01 as determined by Student's T-Test. B, C. Anti-
BrdU ChlIP at two origins and origin-distal positions. Values represent the % BrdU
incorporated relative to input DNA. Error bars represent the standard deviation from three
technical replicates. D. H3K56ac levels were measured by ChIP at the ARS305 and ARS607
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early origins and ARS501 late origin. IP values were normalized as in Fig. 4 legend. Error
bars represent the standard deviation from 3-4 independent experiments.
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Figure 7. H2Bublis maintained on replicating DNA to promote efficient fork progression
H2Bubl (small circles) and Brel are present around origins throughout the cell cycle. At the

onset of S phase, one nucleosome is removed in front of the advancing fork and two

nucleosomes are assembled behind the fork on newly synthesized daughter strands. H2Bub1

levels are maintained around origins by the recycling of H2Bub1-marked parental

nucleosomes coupled with Brel-dependent de rovo ubiquitylation of newly synthesized
H2B assembled into nucleosomes behind the fork. In the absence of H2Bub1 histone
occupancy is decreased at origins, reflecting a defect in nucleosome assembly or stability.
The absence of H2Bubl is postulated to impede fork progression driven by the MCM

helicase.
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