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Restriction of histone gene transcription
to S phase by phosphorylation
of a chromatin boundary protein

Christoph F. Kurat,'? Jean-Philippe Lambert,> Dewald van Dyk,'”* Kyle Tsui,'*
Harm van Bakel,"> Supipi Kaluarachchi,'*? Helena Friesen,'* Pinay Kainth,'
Corey Nislow,"”>* Daniel Figeys,® Jeffrey Fillingham,® and Brenda J. Andrews' >3’

'The Donnelly Center, 2Banting and Best Department of Medical Research, 3Department of Molecular Genetics, “Department of
Pharmaceutical Science, University of Toronto, Toronto, Ontario M5S 3El, Canada; *Ottawa Institute of Systems Biology,
University of Ottawa, Ottawa, Ontario K1H 8M5, Canada; *Department of Chemistry and Biology, Ryerson University, Toronto,
Ontario M5B 2K3, Canada

The cell cycle-regulated expression of core histone genes is required for DNA replication and proper cell cycle
progression in eukaryotic cells. Although some factors involved in histone gene transcription are known, the
molecular mechanisms that ensure proper induction of histone gene expression during S phase remain enigmatic.
Here we demonstrate that S-phase transcription of the model histone gene HTA1 in yeast is regulated by a novel
attach-release mechanism involving phosphorylation of the conserved chromatin boundary protein Yta7 by both
cyclin-dependent kinase 1 (Cdk1) and casein kinase 2 (CK2). Outside S phase, integrity of the AAA-ATPase domain
is required for Yta7 boundary function, as defined by correct positioning of the histone chaperone Rtt106 and the
chromatin remodeling complex RSC. Conversely, in S phase, Yta7 is hyperphosphorylated, causing its release
from HTA1 chromatin and productive transcription. Most importantly, abrogation of Yta7 phosphorylation results
in constitutive attachment of Yta7 to HTA1 chromatin, preventing efficient transcription post-recruitment of
RNA polymerase II (RNAPII). Our study identified the chromatin boundary protein Yta7 as a key regulator that

links S-phase kinases with RNAPII function at cell cycle-regulated histone gene promoters.
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The budding yeast has been a productive model for
exploring the temporal control of transcription, which
is likely a universal feature of cell cycles, with clear
transcriptional programs in yeast, bacteria, and meta-
zoans (Laub et al. 2000; R] Cho et al. 2001; Rustici et al.
2004; Oliva et al. 2005; Lu et al. 2007). Bursts of gene
expression tend to be associated with major cell cycle
transitions, which are governed by cyclin-dependent
kinases (Cdks), whose activation requires interaction
with regulatory subunits called cyclins (Morgan 1997;
Bloom and Cross 2007). In yeast, Cdk1 (Cdc28) is entirely
devoted to cell cycle control (Mendenhall and Hodge
1998; Enserink and Kolodner 2010) and regulates a variety
of cellular processes, including transcription (Wittenberg
and Reed 2005). Although decades of research have pro-
duced an increasingly detailed view of how cell cycle-
specific transcriptional programs are regulated, clear gaps
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remain in our mechanistic understanding of cell cycle
biology.

One important set of cell cycle-regulated genes encodes
the core histones—small, basic proteins that, together
with DNA, form the nucleosome. In proliferating cells,
the vast majority of histones are synthesized in S phase in
parallel with DNA replication (Gunjan et al. 2005). Core
histone overexpression outside of S phase is toxic, and
eukaryotic cells have evolved a variety of mechanisms
that likely work in concert to maintain the deli-
cate equilibrium between DNA and histone synthesis.
Recently, we used a functional genomic approach to
discover several new regulators of core histone transcrip-
tion in yeast (Fillingham et al. 2009), including the
histone H3-H4 chaperone Rtt106 (Huang et al. 2005)
and Yta7, a protein previously functionally connected to
barrier activity on chromatin (Tackett et al. 2005). We
showed that deletion of RTT106 or YTA7 has opposing
effects, causing increased or decreased transcription of
HTA1, respectively. Localization of both Rtt106 and Yta7
to HTA1 chromatin depends on the HIR histone H3-H4
chaperone protein complex (Fillingham et al. 2009),
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which represses core histone transcription outside of S
phase through a specific DNA sequence—the negative
regulatory element (NEG)—found in promoters of three of
the four core histone gene pairs (Osley et al. 1986; Osley
and Lycan 1987; Green et al. 2005; Prochasson et al. 2005).
Rtt106 functions downstream from both HIR and another
H3-H4 histone chaperone, Asfl, and appears to assemble
repressive chromatin at the HTAI regulatory region
(Fillingham et al. 2009). Two Swi2/Snf2 family chromatin
remodeling complexes, SWI/SNF and RSC, are recruited to
histone gene promoters in an Rtt106- and HIR-dependent
manner (Dimova et al. 1999; Ng et al. 2002), suggesting
a role for these complexes ensuring an appropriate chro-
matin context at histone loci (Ferreira et al. 2011).

Yta7 is an evolutionarily conserved protein that con-
tains both a bromodomain and an AAA-ATPase domain
(Gradolatto et al. 2009) and was first described as a protein
with chromatin barrier function that modulates chroma-
tin states at the silent mating locus HMR (Tackett et al.
2005). The noncanonical bromodomain of Yta7 is involved
in histone binding, but unlike other bromodomains, bind-
ing occurs independently of lysine acetylation (Gradolatto
et al. 2009). Elimination of the bromodomain does not
completely abolish histone binding; instead, the region
of Yta7 with highest affinity for histones lies in its N
terminus, which contains the AAA-ATPase domain
(Gradolatto et al. 2009). To date, no link between AAA-
ATPase function and histone binding has been established.

Here we present the first detailed mechanistic analysis
of the regulation of cell cycle-dependent histone gene
transcription by the cell cycle machinery. We demon-
strate that the boundary function of Yta7 at HTAI
requires its AAA-ATPase domain and is established
throughout the cell cycle, except during S phase when
Yta7 dissociates from chromatin. This barrier function
is required to correctly position Rttl06 and the RSC
complex at the HTA1 locus. The region surrounding the
AAA-ATPase domain of Yta7 is hyperphosphorylated by
both the S-phase-specific forms of Cdk1 and casein kinase
2 (CK2). Our molecular analysis shows that phosphory-
lation causes dissociation of Yta7 from HTA1 chromatin
during S phase, which in turn is essential for promoter
escape and elongation of RNA polymerase II (RNAPII)
to ensure productive transcription of HTAI and other
histone genes. Taken together, our data directly link
regulation by S-phase Cdkl and CK2 to histone gene
transcription and provide a mechanism explaining the
timing of S-phase-specific transcription.

Results

Yta7 binding at the HTA1 locus is cell cycle-regulated

To understand how Yta7 might influence the timing
of histone gene expression, we first assessed RNAPII
dynamics at the HTA1 locus through the cell cycle. We
used synchronized yeast cells and chromatin immuno-
precipitation (ChIP) to assess association of the RNAPII
subunit Rpb3-TAP with the HTA1 locus. Figure 1A shows
the primer sets used for our ChIP analysis of HTA1 (Ng
et al. 2002). We observed minimal recruitment of Rpb3-
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Figure 1. Yta7 and RNAPII binding to HTA1 chromatin is cell
cycle-regulated. (A) Schematic representation of the PCR prod-
ucts (NEG, promoter [PRO], and ORF) used to cover the HTA1
locus in ChIP assays (Ng et al. 2002). (B) Rpb3 and Yta7 cross-
link to HTA1 in a cell cycle-dependent manner. Rpb3-TAP and
Yta7-TAP strains were arrested in G1 phase with 5 pM a-factor
and released into fresh medium, and samples were taken at the
indicated time points. IgG-sepharose ChIPs from the Rbp3-TAP
or Yta7-TAP strains were analyzed for HTAI (NEG, PRO, and
ORF) by quantitative RT-PCR (qPCR), as indicated in the
relevant panels. For each time point from the Yta7-TAP strain,
c¢DNA was prepared and the ratio of HTA1 transcript to that of
ACT1 was determined using qPCR (HTA1 mRNA panel). ChIP
efficiency was calculated as described in the Materials and
Methods. Cell cycle progression was monitored by assessing
endogenous Clb2 cyclin levels (peak in G2/M phase) in the same
samples by Western blotting with anti-Clb2 antibody and by
quantification of budding (% budded). Similar results were seen
for HTA1 transcript and Clb2 protein levels and budding indices
in the Rpb3-TAP experiments (data not shown). Error bars in the
experiments represent standard deviations from the mean for at
least three replicate qPCR reactions.

TAP to the NEG region (Fig. 1B, Rpb3-TAP panel, primer
set “NEG”) through the cell cycle. Instead, we saw specific
recruitment of Rpb3-TAP to the HTA1 promoter (Fig. 1B,
Rpb3-TAP panel, primer set “PRO”) and coding regions
(Fig. 1B, Rpb3-TAP panel, primer set “ORF”) during the
time period corresponding to productive HTAI transcrip-


http://www.cshlpress.com

Downloaded from on November 19, 2024 - Published by Cold Spring Harbor Laboratory Press

tion (Fig. 1B, HTAI mRNA panel, late G1/S and S). This
result suggests that cell cycle regulation of HTAI tran-
scription occurs at the level of RNAPII recruitment.

It has been demonstrated previously that Yta7 localizes
to the HTAI promoter region in asynchronous cells
(Gradolatto et al. 2008; Fillingham et al. 2009). Therefore,
we next explored the relationship between Yta7, RNAPII
binding, and cell cycle transcription. First, we used a ChIP
assay with Yta7-TAP to discover that the proportion of
Yta7 bound at HTA1 increased slightly in late G1, de-
creased significantly as cells progressed through S phase,
and then increased again during G2/M (Fig. 1B, Yta7-TAP
panel). Therefore, the presence of Yta7 at HTA1 correlates
largely with gene repression, except during late G1 phase,
when Yta7-TAP and Rbp3-TAP localization overlap, prior
to the peak of histone gene expression (Fig. 1B).

Our ChIP experiments suggest a functional interaction
between Yta7 and RNAPII, consistent with previous
studies showing physical interactions on chromatin be-
tween Yta7 and RNAPII subunits (Tackett et al. 2005;
Lambert et al. 2009). We confirmed these results by using
either Western blotting (Fig. 2A) or mass spectrometry to
identify proteins associated with Yta7 on chromatin (Fig.
2B; Lambert et al. 2009, 2010). Several of the most highly
represented proteins associated with Yta7 on chromatin
were known regulators of transcription: (1) Sptlé and
Pob3, two subunits of the FACT complex, a histone
chaperone protein complex that facilitates transcriptional
elongation in a chromatin context (Krogan et al. 2002;
Biswas et al. 2005) and is required for efficient HTB1
expression (Formosa et al. 2002); (2) Rtt106, a histone
chaperone, and members of the RSC complex, a chromatin
remodeler, both of which affect HTA1 transcription (Ng
et al. 2002; Fillingham et al. 2009; Ferreira et al. 2011); (3)
subunits of the CK2 complex, which has been linked to
transcription elongation (Krogan et al. 2002); and (4)
subunits of RNAPII as described previously.

Finally, we tested RNAPII recruitment to HTA1 in the
absence of YTA7. Association of Rbp3-TAP with both the
PRO and ORF regions of HTA1 was reduced in a yta7A
mutant (Fig. 2C), consistent with lower levels of HTA1
gene expression, as described previously (Fillingham et al.
2009). Cell cycle ChIP analyses revealed that RNAPII
recruitment to both the PRO and ORF regions of the
HTA1 promoter was reduced during G1 and early S phase
in the yta7A mutant, whereas no RNAPII recruitment
was observed at NEG in either the yta7A or wild-type
strains (Supplemental Fig. 1). S-phase entry in yta7A was
comparable with wild type, so the reduction of RNAPII
recruitment is not due to a delay in cell cycle progression
(data not shown). We conclude that Yta7 and RNAPI
functionally interact and that Yta7 is important for
efficient RNAPII recruitment during late G1 and early S
phase to the HTA1 locus.

The AAA-ATPase domain is required for proper Yta7
function as a boundary protein

Our ChIP and protein interaction experiments reinforced
our view that Yta7 functions as a critical element for
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Figure 2. Yta7 functionally interacts with RNAPIL. (A) Yta7
interacts with RNAPIL. Western blotting was used to probe an
mChIP (Lambert et al. 2009) from Yta7-TAP or untagged cells
with an antibody that recognizes RNAPIL. (B) Affinity purification
and identification of Yta7-TAP-associated proteins. A Coomassie-
stained SDS-polyacrylamide gel is shown with affinity-purified
proteins from Yta7-TAP and an untagged wild-type control; (Rb
1gG) rabbit IgG. Copurifying proteins were identified by LC-MS/
MS as described previously (Lambert et al. 2009), and the numbers
of the unique peptides for each interacting protein are listed; (UC)
untagged control. (C) RNAPI association with HTA1 chromatin
is partly dependent on Yta7. ChIP analyses from logarithmically
growing cells were performed as described in Figure 1B using the
indicated strains and primer sets (PRO and ORF). Error bars in the
experiments represent standard deviations from the mean for at
least three replicate qPCR reactions.

efficient recruitment of RNAPII to HTA1 during S phase.
Recognizable protein domains within Yta7 include a bro-
modomain and a canonical AAA-ATPase domain (Fig.
3A). We reasoned that the AAA-ATPase may be involved
in HTA 1 chromatin binding and/or boundary function. To
test this idea, we mutated the conserved lysine residue in
the Walker-A motif (GxxxxGKT) within the putative
ATPase domain of Yta7 to alanine (yta7-K460A) and used
several assays to examine how the boundary and chro-
matin-binding functions of Yta7were affected. First, we
used our ChIP assay to examine specific localization of
Yta7-K460A-TAP to HTA1 (Fig. 3B). Binding of the
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mutant version of Yta7 to the HTA1 locus was clearly
detectable, although the pattern of chromatin association
was altered such that more Yta7-K460A-TAP associated
with the HTA1 ORF than was seen in wild-type cells (Fig.
3B). Importantly, dissociation of Yta7-K460A-TAP from
the HTA1 locus during S phase was comparable with
wild-type Yta7 (Fig. 3C). Next, we explored the effect of
the AAA-ATPase domain mutation on the boundary
function of Yta7 by assaying positioning of Rttl106 at
the HTA1 locus. Similar to what we observed previously
in yta7A (Fillingham et al. 2009), we found significantly
increased association of Rtt106-TAP with all three re-
gions of the HTA1 locus in a yta7-K460A background (Fig.
3D). Since Rtt106 is important for association of the RSC
complex with HTA1 (Ferreira et al. 2011}, and we detected
subunit RSC in our Yta7 mChlIP analysis (Fig. 2B), we also
asked whether the ATPase domain of Yta7 influenced
RSC localization to HTA1. Similar to Rtt106, Rsc8-TAP
association with all three regions of the HTA1 locus was
increased in the yta7-K460A mutant (Fig. 3E). Finally,
we monitored HTAI transcript levels in yta7-K460A
mutants using quantitative RT-PCR (qPCR) and saw
a reduction in HTA1 transcript levels comparable with
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Figure 3. The AAA-ATPase domain is required for the
= z;g boundary function of Yta7. (A) Schematic representation
Oore  of full-length Yta7. The AAA-ATPase domain (AAA-AD)
and bromodomain (BD) are depicted, and the putative
catalytic active lysine residue (amino acid 460) is in-
dicated by an asterisk. (B) Localization of Yta7-K460A at
the HTA1 locus. ChIP analyses (primer set PRO, NEG,
and ORF) with samples from log-phase Yta7-TAP and

& Yta7-K460A-TAP and an untagged wild-type strain as
a negative control were performed as described in Figure
1B. (C) Localization of Yta7-K460A to the HTA1 locus
throughout the cell cycle. Yta7-K460A-TAP mutants
were arrested in Gl phase with 5 pM a-factor and

=ggg released into fresh medium, and ChIP analyses were

Oorr  performed as in Figure 1B using primer sets NEG, PRO,
and ORF. Cell cycle progression was monitored by
quantification of budding (entry into S phase) and by
assessing endogenous Clb2 cyclin levels (peak in G2/M
phase). (D) Localization of Rtt106 to the HTA1 promoter

& is dependent on the AAA-ATPase site. ChIP analyses

& with Rtt106-TAP in wild-type and yta7-K460A back-

grounds from log-phase cultures were performed as de-
scribed in Figure 1B (primer sets NEG, PRO, and ORF).
An untagged wild-type strain was used as a control. (E)
Localization of RSC to the HTA1 promoter is dependent
on the AAA-ATPase site in Yta7. ChIP analyses with
Rsc8-TAP in wild-type and yta7-K460A strains from log-
phase cultures were performed as described in Figure 1B
(primer sets NEG, PRO, and ORF). An untagged wild-
type strain was used as a control. (F) Mutation of Lys 460
results in reduced HTAI transcription, which is sup-
pressed by elimination of Rtt106. cDNA was prepared
from log-phase YTA7-TAP wild type, yta7-K460A-TAP

'\‘g and rtt106A single mutants, and a yta7-K460A-TAP

rtt106A double mutant, and HTA1 transcript levels were
assessed as described in Figure 1B. Error bars in the
experiments represent standard deviations from the
mean for at least three replicate qPCR reactions.

that seen in yta7A mutants (Fig. 3F; Fillingham et al.
2009).

We reasoned that reduced HTA1 transcript levels in the
yta7-K460A mutant might reflect excessive Rtt106 (and
RSC) attachment, which may generate repressive chro-
matin throughout the HTA1 locus and impede efficient
transcription. To test this idea, we used qPCR to assess
levels of HTA1 transcription in a yta7-K460A rtt106A
double mutant. We found that the derepression of HTA1
transcription that occurs in an rtt106A strain (Fillingham
et al. 2009) was suppressed in a yta7-K460A mutant
background, with HTA1 transcription restored to wild-
type levels (Fig. 3F). Consistent with this observation, we
saw increased nucleosome occupancy at the promoter
regions of HTAI-HTBI1 and other core histone loci in an
yta7-K460A mutant strain (Supplemental Fig. 6). Finally,
cell cycle ChIP analyses revealed a decrease in RNAPII
recruitment during G1 and early S phase in yta7-K460A
(Supplemental Fig. 2), similar to what we observed in
a yta7A mutant (Supplemental Fig. 1). S-phase entry in
yta7-K460A was comparable with wild type, so the re-
duction of RNAPII recruitment is not due to a delay in
cell cycle progression (data not shown). Together, these
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data suggest that the Yta7 AAA-ATPase domain, while
not required for chromatin binding, is needed for correct
positioning of Rtt106 and RSC, which is important for
normal nucleosome positioning, RNAPII recruitment,
and proper core histone gene expression.

Yta7 is phosphorylated by Cdk1 and CK2 during
S phase

Our analysis of the yta7-K460A mutant implicated the
AAA-ATPase domain in the function of Yta7 as a boundary
protein. Importantly, like wild-type Yta7, Yta7-K460A was
evicted from the HTAI locus in S phase, suggesting an
AAA-ATPase domain-independent mechanism for regulat-
ing Yta7 binding to chromatin during S phase. Prominent
regulators of S-phase progression include S-phase-specific
forms of Cdkl, and we therefore decided to explore
possible regulation of Yta7 by Cdkl and other kinases.
Using mass spectrometry analyses, we and others discov-
ered a number of phosphorylated residues concentrated
within the N-terminal region of Yta7, extending into the
AAA-ATPase domain (Fig. 4A; Chi et al. 2007; Li et al.
2007; Smolka et al. 2007; Albuquerque et al. 2008; Holt
et al. 2009; Breitkreutz et al. 2010; data not shown). Seven
of these phosphorylated residues occur within Cdk con-
sensus sites (S/T-P-x-K/R or S/T-P), and six occur within
CK2 consensus sites (S-xx-E/D) (Fig. 4A). Previous work
has connected Cdkl1 and Yta7: Yta7 is an in vitro substrate
of Clb2-Cdk1 and Clb5-Cdk1 (Ubersax et al. 2003; Loog
and Morgan 2005), and phosphorylation of Yta7 in vivo is
dependent on Cdk1 (Holt et al. 2009). In addition, we also
identified all four subunits of CK2 (Ckal, Cka2, Ckb1, and
Ckb2] as physical interactors with Yta7 in mChIP analyses
(Fig. 2B), consistent with a role for CK2 in Yta7 regulation.

To determine whether Yta7 is regulated by Cdk1 and/
or CK2 in vivo, we first performed a genetic test. We
showed previously that overproduction of a kinase sub-
strate in the absence of the kinase is often toxic, due to
misregulation of the substrate, resulting in a so-called
synthetic dosage lethal (SDL) interaction (Sopko et al.
2006; Huang et al. 2009). We therefore asked whether
overexpressed YTA7 had an SDL interaction with muta-
tion of either Cdkl or CK2. Cdkl is essential for cell
viability and is activated sequentially by a series of cyclin
subunits throughout the cell cycle (Bloom and Cross
2007). We overexpressed YTA7 in three double mutants
lacking pairs of Cdkl cyclins that function during
all major cell cycle stages: clnlAcin2A (deleted for late
Gl-phase cyclins), cIb5AcIb6A (S-phase cyclins), and
clb3Aclb4A (G2/M-phase cyclins). Overexpression of
YTA?7 in either wild-type cells or cells lacking the mitotic
cyclins CIb3 and Clb4 caused a comparable mild slow
growth phenotype (Fig. 4B) and resulted in moderate
toxicity when the G1 cyclins Clnl and CIn2 were absent.
In contrast, overexpressed YTA7 was highly toxic in cells
lacking the Cdk1 S-phase cyclins Clb5 and Clb6 and was
lethal in a cIn2Aclb5Aclb6A triple mutant (Fig. 4B).
Overexpression of YTA7 in cIb5AcIb6A cells was associ-
ated with an elongated bud phenotype typical of cells
unable to transit G2/M (Supplemental Fig. 3A). The SDL
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phenotypes associated with YTA7 overexpression in cells
lacking each of the four CK2 subunits were less dramatic,
although a slow growth phenotype was clear when either
of the two regulatory subunits of CK2 were deleted (Ckbl
or Ckb2) (Figure 4B). Our genetic tests are consistent with
a significant overlapping function for G1-S-phase-specific
forms of Cdk1 (CIn2, Clb5, and Clb6) in regulating Yta7
and suggest a role for CK2 as well.

We next examined Yta7 phosphorylation throughout
the cell cycle (Fig. 4C) by analyzing Yta7 protein isolated
from a synchronized strain expressing Yta7-TAP under
control of its endogenous promoter. Slower-migrating
forms of Yta7 appeared 10 min after release from an
a-factor block, persisted until late S phase (30 min) (Figure
4C,F, left panel), and then decreased during G2 phase as
levels of the mitotic cyclin Clb2 peaked (Fig. 4C,F). We
note that Yta7 is a large protein, and only a subset of Yta7
is likely to be phosphorylated in vivo given the known
association of Yta7 with many non-cell cycle-regulated
promoters (Gradolatto et al. 2008). Although these prop-
erties make resolution of Yta7 isoforms difficult, we were
able to consistently see collapse of Yta7 isoforms follow-
ing treatment of extracts with phosphatase, indicating
that the observed mobility shift was due to phosphoryla-
tion (Fig. 4D). We next asked whether the phospho-shifts
of Yta7 were dependent on Cdkl by assessing Yta7
isoforms in a synchronized cIn2Aclb5Aclb6A mutant
culture. We saw both reduced Yta7 isoforms and protein
levels in the cIn2Aclb5AcIb6A triple mutant compared
with wild type (Fig. 4E, first and second panels), consis-
tent with a role for Cdkl in Yta7 phosphorylation. The
reduced Yta7 protein levels may reflect a mechanism to
prevent accumulation of unmodified Yta7, which our
SDL experiments suggest is toxic (Fig. 4B). CK2 is an
essential kinase, so we treated synchronized wild-type
cells with the CK2 inhibitor 4,5,6,7-tetrabromobenzotria-
zole (TBB) to explore the effect on accumulation of Yta7
isoforms (Siepe and Jentsch 2009). Treatment of cells with
CK2 inhibitor had a small effect on accumulation of Yta7
isoforms and no effect on protein levels (Fig. 4E, third
panel). Taken together, these data are consistent with
a prominent role for Cdk1 and a possible function for CK2
in Yta7 phosphorylation in vivo.

We sought to more directly test the in vivo conse-
quences of a failure to phosphorylate Yta7. We used site-
directed mutagenesis to generate versions of Yta7 with
alanine substitutions in putative Cdkl (yta7-7A), CK2
(yta7-6A), or both Cdk1 and CK2 phospho-sites (yta7-13A).
We integrated all constructs at the YTA7 chromosomal
locus and assessed Yta7 protein isoforms throughout the
cell cycle. Although all mutant derivatives of Yta7 had
comparable abundance, Yta7 phosphoforms were reduced
in yta7-6A and yta7-7A mutants (data not shown) and
virtually absent in extracts from the yta7-13A strain (Fig.
4E, fourth panel). When expressed at endogenous levels,
the yta7-13A mutant had a minor growth defect (data not
shown) and a prolonged G2/M phase (Fig. 4F), consistent
with previous results showing that reduced histone levels
produce a G2/M cell cycle delay (Han et al. 1987; Pinto
and Winston 2000).
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Figure 4. Yta7 is hyperphosphorylated by
S-phase forms of Cdkl and CK2. (A) Sche-
matic representation of Cdkl and CK2 phos-
phorylation sites in the N-terminal region of
Yta7. (B) Growth defect caused by overex-
pression of YTA7 in the absence of Cdkl G1-
S-phase cyclins or CK2 subunits. Isogenic
wild-type, clnlcln2, cIb3clb4, clb5clbé,
cIn2clb5clb6, ckal, cka2, ckbl, or ckb2 de-
letion strains bearing either GAL-YTA7 (Hu
et al. 2007) or empty vector were spotted in
serial 10-fold dilutions on medium contain-
ing galactose and incubated for 2 d at 30°C.
(C) Yta7 is phosphorylated in S phase. The
phosphorylation of Yta7-TAP during a cell
cycle was monitored by Western blotting
using anti-TAP antibody. Cells were syn-
chronized using 5 M a-factor and released
into fresh medium, and proteins extracts
were prepared from samples taken at the
indicated time points. Progression through
the cell cycle was monitored by Western
blotting for CIb2 (G2/M). Hxk1 was used as
a gel loading control. (D) Mobility shift of
Yta7 is due to phosphorylation. Yta7-TAP
was isolated from wild-type cells in S phase
and treated with A\-phosphatase (\-PPase). (E)
Phosphorylation of Yta7 is dependent on
S-phase forms of Cdk1 and CK2 in vivo. (First
panel) All experiments were performed un-
der the same conditions and compared with
wild type. (Second panel) Phosphoisoforms
of Yta7-TAP were monitored during a cell
cycle in a cIn2Aclb5AcIb6A triple mutant
exactly as described in C. (Third panel)
Phosphorylation of Yta7-TAP after treat-
ment with a CK2 inhibitor. Cells were
synchronized as described in C and released
into fresh medium supplemented with 100
mM CK2 inhibitor 4,5,6,7-tetrabromobenzo-
triazole (TBB) (Siepe and Jentsch 2009). Yta7-
TAP, Clb2, and Hxtl protein levels were
assessed as described in C. (Fourth panel
and F) Phenotypic assessment of a Yta7
phosphomutant. Phosphorylation of Yta7-
13A-TAP was monitored during a cell cycle
by Western blotting using anti-TAP antibody
(Yta7-13A has all potential Cdkl and CK2
sites [see A] converted to alanines). (Fourth

panel) Samples were taken at the times indicated following a-factor block and release. (F) Corresponding FACS profiles indicate relative
position in the cell cycle for the yta-13A-TAP strain and an isogenic wild-type control (YTA7-TAP). The arrow highlights the delayed
mitosis in the yta7-13A mutant compared with wild type. (G) Growth defect caused by overexpression of yta7-13A. Wild-type, yta7-6A
(lacking CK2 phospho-sites), yta7-7A (lacking Cdkl phospho-sites) and yta7-13A (lacking both) strains in which the endogenous YTA7
promoter was replaced by the GAL1 promoter were spotted in serial 10-fold dilutions on glucose- or galactose-containing medium and
incubated for 2 d at 30°C. (H) Phosphorylation of Yta7 by Cdkl1 in vitro. (Top panel) Purification of Yta7-TAP, Yta7-6A-TAP, Yta7-7A-TAP,
and Yta7-13A-TAP proteins from yeast was monitored by SDS-PAGE and silver staining. The purified proteins were incubated with Cln2~
Cdkl in kinase reactions along with [3?P]-y-ATP. (Bottom panel) Phosphorylation of proteins was analyzed by SDS-PAGE and
autoradiography. The positions of migration of phosphorylated Yta7, Cln2, and Cdk1 are indicated. The asterisk marks the position of
migration of a contaminant in the Cln2-Cdk1 preparation that is also phosphorylated in the reaction.

We predicted that expression of a hypophosphorylated
form of Yta7 might mimic the effect we saw when we
overexpressed wild-type YTA7 in strains compromised
for G1/S Cdk1 activity. We therefore replaced the endog-
enous YTA7 promoter with the inducible GAL1 promoter
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in both a wild-type YTA7-TAP strain and the strains in
which wild-type YTA7-TAP was replaced with the vari-
ous YTA7 phosphomutants. Although galactose-induced
overexpression of yta7-6A was of little phenotypic
consequence, overexpression of yta7-7A led to a severe
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growth defect (Fig. 4G), and overexpression of the yta7-
13A mutant was highly toxic. Morphological analysis
and fluorescence-activated cell sorting (FACS) profiles
showed that cells overexpressing yta7-13A accumu-
lated in G2 phase, with a phenotype comparable with a
clb5AcIb6A mutant (Supplemental Fig. 3A,B). Together,
these data suggest that Cdkl1- and CK2-dependent phos-
phorylation of Yta7 during late Gl and S phase is
important for efficient progression through mitosis.

To corroborate our in vivo analyses, we next asked
whether Yta7 is an in vitro substrate for Cdk1l and CK2
(Fig. 4H). Wild-type Yta7 and the Yta7-6A proteins were
excellent substrates for CIn2-Cdk1, a G1-specific form of
Cdk1 in vitro, while neither the Yta7-7A nor Yta7-13A
proteins were phosphorylated above background levels
(Fig. 4H). Since Yta7-7A and Yta7-13A both lack Cdkl
consensus sites, while Yta7-6A lacks only CK2 consensus
sites, these data clearly demonstrate that Yta7 is an in
vitro substrate for CIn2-Cdk1 and that the seven CDK
sites are the major sites of phosphorylation. We also
attempted comparable assays with recombinant CK2 as
described previously (Siepe and Jentsch 2009) and
detected phosphorylation of Yta7 in vitro, with a reduc-
tion in the mutants lacking CK2 sites (data not shown).
Our results establish the importance of the N-terminal
CDK sites for Cdkl-dependent phosphorylation in vitro
and show that Yta7 can be also phosphorylated by CK2 in
vitro, consistent with our in vivo analyses.

Phosphorylation-dependent dissociation of Yta7
from HTA1 chromatin during S phase ensures
efficient transcription

Since Yta7 phosphorylation and dissociation from HTA1
chromatin occurred concurrently during S phase, we
wondered whether these events might be interdependent.
We first used ChIP to monitor Yta7-TAP association with
the HTA1 regulatory region (NEG) throughout the cell
cycle in strains compromised for Yta7 phosphoryla-
tion due to a lack of S-phase Cdkl1 activity (cIb5AcIb6A
mutant) or through mutation of phosphorylation sites.
Dissociation of Yta7-TAP from the HTAI regulatory
region (NEG) during S phase was reduced in the
clb5Aclb6A mutant (Supplemental Fig. 4, top panel) and
in strains harboring either the yta7-6A (lacking CK2 sites)
or yta7-7A alleles (lacking Cdk1 sites), with an additive
effect in a yta7-13A mutant (lacking both CK2 and Cdk1
sites) (Fig. 5A, top panel). A similar decrease in Yta7
association was seen at other regions of the HTA1 locus
(PRO and ORF) (data not shown). Thus, phosphorylation
of YTA7 appears to be required for S-phase dissociation of
Yta7 from HTA1 chromatin.

In both the clb5AcIlb6A mutant and the yta7-13A
mutant, we also saw increased association of Yta7 with
HTA1 chromatin (Fig. 5A, top panel; Supplemental Fig. 4,
top panel). Consistent with increased binding of Yta7 to
HTA1, particularly during S phase, we saw reduced HTA1
transcription in the cIb5AcIb6A mutant (Supplemental
Fig. 4, bottom panel] and the yta7-6A and yta7-7A
mutants, and a near absence of S-phase induction of
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Figure 5. Dissociation of Yta7 from HTA1 chromatin ensures
efficient transcription. (A) Phosphorylation of Yta7 regulates
dissociation from HTA1 during S phase, which is essential for
efficient HTA1 gene transcription. (Top panel) Yta7-TAP, Yta7-
6A-TAP, Yta7-7A-TAP, and Yta7-13A-TAP strains were arrested
with a-factor and released into fresh medium, and samples were
taken at the time points indicated. ChIP analyses (primer set
NEG) were performed as described in Figure 1B. (Bottom panel)
S-phase induction of HTA1 transcription is markedly reduced in
Yta7 phosphomutants. Samples of the same cultures used for
the ChIP analyses were used for RNA isolation. cDNA was
prepared from the samples, and HTAI transcript levels were
assessed as described in Figure 1B. Cell cycle progression was
monitored by quantification of budding (entry into S phase). The
budding indices for the Yta7-TAP strain are shown. S-phase
entry was comparable for all strains (data not shown). (B)
Analysis of transcript levels for other histone genes in a yta7
phosphomutant. YTA7-TAP and yta7-13A-TAP stains were
arrested with a-factor and released into fresh medium, and
samples were taken after 30 min (S phase). cDNA was prepared
and analyzed as described in Figure 1B. Error bars in the
experiments represent standard deviations from the mean for
a least three replicate qPCR reactions.

HTA1 transcription in the yta7-18A mutant (Fig. 5A,
bottom panel). Transcription of other histone genes was
also reduced in the yta7-13A mutant (Fig. 5B), with the
smallest effect at the HTA2-HTB2 locus, consistent with
previously demonstrated differences in Yta7 localization
to HTA2-HTB2 (Gradolatto et al. 2008; Fillingham et al.
2009). Taken together, our data provide strong evidence
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that Yta7 phosphorylation by both Cdkl and CK2 is
required for S-phase dissociation from HTA1 chromatin,
which is required for efficient transcription of HTA1 and
other core histone genes.

Yta7 dissociation from chromatin may influence
transcription elongation

We were interested in assessing the mechanistic signifi-
cance of phosphorylation and timely dissociation of Yta7
from chromatin at HTA1. We reasoned that phosphory-
lation might be affecting several aspects of Yta7 function.
First, a failure to phosphorylate Yta7 and ensure its ap-
propriate dissociation from chromatin during S phase
may reflect a defect in Rtt106 localization. For example,
we showed that reduced expression of HTA1 in a yta7-
K460A mutant was the consequence of excess Rtt106
(and RSC) throughout the HTA1 locus, including the ORF

>
(]

SD-Ura

where they are normally not found (Fig. 3D,E). In this
model (Fillingham et al. 2009), wild-type Yta7 effectively
“activates” HTA1 by restricting the repressive function of
Rtt106 to the regulatory region. We therefore assessed
Rtt106-TAP localization in a yta7-13A strain and found
a pattern of Rtt106-TAP at HTA1 that was comparable
with wild type (Fig. 6A). Therefore, unlike yta7-K460A,
the defect in HTA1 expression in the yta7-13A mutant
(Fig. 5A, bottom panel) is not likely a consequence of
altered Rtt106 localization.

Next, to determine whether there is any relationship
between phosphorylation of the Yta7 N terminus and its
AAA-ATPase function, we assessed Rtt106-TAP localiza-
tion in an yta7-13A yta7K460A double mutant. We found
significant Rtt106-TAP mislocalization throughout the
HTA1 locus in the double mutant (Fig. 6A), even greater
than in a yta7-K460A single mutant. Therefore, the
function of Yta7 in Rtt106 localization appears unrelated

Figure 6. Phosphorylation of Yta7 is involved in tran-
script elongation by RNAPIL (A) Localization of Rtt106
in Yta7 mutants. Rtt106 localization to the HTAI
regulatory region (NEG) and ORF was assessed using
ChIP in samples from asynchronous cultures of Rtt106-
TAP strains harboring wild-type YTA7, yta7-K460A,
yta7-13A, or both yta7-K460A and yta7-13A. ChIP
analyses were performed as described in Figure 1B. (B)
Analysis of RNAPII association with HTA1 during the
cell cycle in a yta7-13A mutant. Rpb3-TAP localization
to the promoter (primer set “PRO”) (top panel) and the
ORF (primer set “ORF”) (bottom panel) of HTA1 was
assayed in the indicated strains using qPCR as described
(Fig. 1B). Cell cycle progression was monitored by
quantification of budding (entry into S phase). Budding
indices for the Rpb3-TAP strain are shown. S-phase entry

G2/M was comparable for both strains (data not shown). (C)
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to its phosphorylation and is instead dependent on its
AAA-ATPase domain.

Because Yta7 functionally interacts with RNAPII, we
next asked whether phosphorylation of Yta7 influenced
recruitment of RNAPII to the HTAI promoter. To test
this possibility, we used ChIP to examine RNAPII re-
cruitment to the HTA1 promoter in a yta7-13A mutant
strain. The peak of Rpb3-TAP association with HTAI
during S phase was somewhat broader in the yta7-13A
mutant than in wild type, but the pattern of Rpb3-TAP
was not significantly different (Fig. 6B, primer set “PRQO”).
Therefore, the dramatic HTA1 expression defect in yta7-
13A (Fig. 5A, bottom panel) cannot be explained by
defective RNAPII recruitment, consistent with our dem-
onstration that Yta7 is important for effective RNAPII
localization to the HTA1 locus (Fig. 2C). Given our failure
to discover a defect in RNAPII recruitment or Rtt106
spreading in the yta7-18A mutant, we next explored the
possibility that Yta7 phosphorylation may be influencing
transcriptional elongation by first assessing Rpb3-TAP
recruitment to the coding region of HTA1. Significantly,
we observed a clear decrease in RNAPII recruitment to the
ORF of HTA1 during S phase (Fig. 6B, primer set “ORF”),
indicative of a possible defect in transcriptional elonga-
tion. Consistent with a defect in transcriptional elon-
gation, the yta7-13A mutant was highly sensitive to
6-azauracil (6-AU), which impairs transcriptional elongation
by decreasing intracellular pools of UTP and GTP (Fig. 6C).

Our mass spectrometry experiments revealed a physi-
cal interaction between Yta7 and both subunits of the
FACT complex (Sptl6 and Pob3) (Fig. 2B), a histone
chaperone that facilitates elongation by RNAPII by first
destabilizing nucleosomes and evicting histones H2A and
H2B from DNA, and then reforming chromatin after
RNAPII has passed through a region (Orphanides et al.
1998, 1999; Belotserkovskaya et al. 2003; Mason and
Struhl 2003; Schwabish and Struhl 2004). We previously
localized FACT subunit Spt16 to the HTA1 coding region
in asynchronous cells (Fillingham et al. 2009). Interest-
ingly, we observed increased association of FACT with
the HTA1 coding region in the yta7-13A mutant through-
out the cell cycle (Fig. 6D), suggesting that, counter to its
canonical role as a factor that stimulates transcriptional
elongation, FACT interferes with efficient transcription
of HTA1. Consistent with this hypothesis, reduction of
FACT function using temperature-sensitive alleles of
SPT16 (sptl6-ts and spt16-197) resulted in elevated
HTA1 transcript levels and nucleosome depletion over
core histone promoters (Supplemental Fig. 6; data not
shown). Thus, FACT may be antagonizing transcription
throughout the HTA1 locus by contributing to a repres-
sive chromatin structure.

Since Yta7 is known to influence RSC association with
the HTA1 locus (Fig. 3E), and RSC dissociates from the
HTAI1 regulatory region in S phase (Ng et al. 2002), we
next asked whether the presence of RSC at the HTA1
locus was influenced by Yta7 phosphorylation by com-
paring association of Rsc8-TAP with HTA1 in both wild
type and yta7-13A. We saw increased Rsc8-TAP associa-
tion with the HTA1 regulatory region throughout the cell
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cycle in the yta7-13A mutant strain (Fig. 6E), suggesting
a role for RSC in generating repressive chromatin in the
absence of proper Yta7 phosphorylation. Consistent with
this idea, we observed a clear increase in nucleosome
occupancy at all histone promoters in the yta7-13A
mutant strain (Fig. 6F). Taken together, the results of
our detailed phenotypic assessment of the yta7-13A
mutant suggest that S-phase-specific phosphorylation of
Yta7 is required for its removal from HTA1 chromatin in
order to ensure efficient transcriptional elongation by
RNAPIL

Discussion

Cell cycle-regulated expression of core histone genes is
critical for maintaining the delicate balance between
histone and DNA synthesis that is required for proper
genome replication and cell division. Although a number
of factors involved in histone transcription have been
identified, molecular mechanisms linking histone gene
expression to cell cycle regulators have remained ob-
scure. Here we provide substantial evidence that the
conserved AAA-ATPase domain-containing chromatin
boundary protein Yta7 is a master regulator of core
histone gene transcription and a conduit for signals from
cell cycle kinases to the transcription machinery (Fig. 7):
(1) Yta7 and subunits of RNAPII functionally interact,
and both are recruited to the core histone HTA1 locus in
a cell cycle-dependent manner. (2) Integrity of the AAA-
ATPase domain in Yta7 is important for boundary func-
tion, which is necessary for appropriate repression of
histone gene expression outside of S phase. (3) Phosphor-
ylation of the N terminus of Yta7 by G1-S-phase-specific
forms of Cdkl and by CK2 inhibits chromatin binding of
Yta7 at HTA1, causing its dissociation. (4) Dissociation of
Yta7 from chromatin is necessary for RNAPII promoter
escape and HTA1 transcript elongation, which in turn is
essential for proper cell cycle progression. We propose
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Figure 7. Summary of Yta7 action and regulation. Yta7 acts as
a boundary element during early G1, G2, and M phases. In S
phase, Yta7 is phosphorylated by Cdkl and CK2, which in turn
is important for effective elongation of RNAPII along the HTA1
gene. See the text for details.
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that the Yta7 boundary protein temporally coordinates
mutually exclusive domains of either repressed or acces-
sible chromatin, ensuring appropriate cell cycle regula-
tion of histone gene expression.

How does Yta7 function as a boundary protein at
HTA1? We showed that Yta7 boundary function, as
defined by its regulation of Rttl06 localization, is de-
pendent on its canonical AAA-ATPase domain. The
AAA-ATPase family is composed of a large and function-
ally diverse group of proteins that hydrolyzes ATP to
induce conformational changes in substrate proteins
(Hanson and Whiteheart 2005). Mutation of the AAA-
ATPase domain of Yta7 caused spreading of the Rtt106
histone chaperone and the RSC complex through the
HTA1 coding region, a phenomenon that we also ob-
served for Rtt106 in a yta7 deletion strain (Fillingham
et al. 2009). These and other results suggest that the
AAA-ATPase domain of Yta7 is required for its function
as a boundary protein, preventing the ectopic presence
of Rttl06, RSC, and associated repressive chromatin
through the coding region of HTA1. Consistent with this
idea, decreased HTA1 transcription in the yta7-K460A
mutant was suppressed by eliminating Rtt106 (Fig. 3E).

As noted earlier, a recent study affirmed the important
role for Rtt106 at the histone loci through all stages of the
cell cycle via its recruitment of two chromatin remodel-
ing complexes: SWI/SNF and RSC (Ferreira et al. 2011).
Whereas SWI/SNF is required for histone gene activation
during S phase (Dimova et al. 1999; Xu et al. 2005;
Ferreira et al. 2011), RSC is implicated in histone gene
repression outside of S phase. Rttl06 also functions
upstream of SIR-based silencing at telomeric heterchro-
matin (Huang et al. 2007), but repression of HTA1 is
unlikely to be SIR-dependent, since we observed no
recruitment of Sir3-TAP to HTA1 chromatin (Supplemen-
tal Fig. 5). These data and our new observations illumi-
nate a possible mechanism of Rtt106-mediated silencing
of histone gene expression. We propose that Rtt106
recruits RSC outside of S phase to help position nucleo-
somes over histone gene promoters, blocking recruit-
ment of RNAPIIL This may occur indirectly via occlusion
of TFIID binding to the TATA-box (recruitment of TBP to
the HTA1 promoter happens in a cell cycle-dependent
manner [J Fillingham and J Greenblatt, unpubl.]). Activa-
tion of histone gene expression in late G1/S then occurs
via Rttl06-mediated recruitment of SWI/SNF, which
removes nucleosomes over the promoter, permitting re-
cruitment of RNAPIIL.

The presence of Yta7 at histone genes is correlated with
periods of the cell cycle outside of S phase when histone
gene expression is repressed. This result suggests that the
boundary activity of Yta7 must be relieved during G1-S
phase in order for histone gene expression to be induced.
We made several observations that implicate GI1-S-
phase-specific forms of Cdk1 and CK2 in Yta7 regulation,
allowing the timely activation of histone gene expression:
(1) Yta7 genetically interacts with G1-S-phase-specific
Cdkl cyclins and with CK2 and physically interacts
with all four subunits of CK2. (2) Yta7 is phosphorylated
in a cell cycle-dependent manner, with peak phosphory-
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lation during the G1-S-phase transition, and phosphory-
lation is reduced in mutants compromised for Cdkl or
CK2 activity. (3) Mutant versions of Yta7 lacking poten-
tial Cdkl and CK2 phosphorylation (yta7-6A, yta7-7A,
and yta7-13A) sites do not dissociate properly from the
HTA1 promoter and prevent induction of histone gene
expression during S phase. (4) Yta7 is an in vitro substrate
for both Cdkl and CK2. These and other observations
lead us to propose that S-phase phosphorylation of Yta7
by Cdk1 and Ck2 is required to eject Yta7 from chroma-
tin, relieving boundary activity and stimulating expres-
sion of HTA1.

Our results further suggest that the phosphorylation
and eviction of Yta7 does not reflect a role for Yta7 in
RNAPII recruitment to the HTA1 promoter; indeed, Yta7
appears to have a stimulatory role in RNAPII recruit-
ment, and Yta7 and RNAPII can be copurified on chro-
matin (Fig. 2A,B). Instead, our data suggest that the
sustained presence of Yta7 throughout S phase at histone
promoters may interfere with elongation through im-
proper recruitment of the FACT and RSC complexes to
HTA1 chromatin. The FACT complex physically inter-
acts with Yta7 on chromatin (Fig. 2B) and localizes to the
HTA1 coding region (Fig. 6D; Fillingham et al. 2009). We
observed increased FACT localization to the HTA1 ORF
in a yta7-13A mutant (Fig. 6D), suggesting that phosphor-
ylation of Yta7 may permit release of the Yta7-FACT
complex, allowing efficient RNAPII elongation through
HTA1 (Fig. 7). Like FACT, the RSC complex also physi-
cally interacts with Yta7 on chromatin (Fig. 2B), but,
unlike FACT, it localizes to the HTA1 regulatory region.
We saw increased RSC localization to the HTA1 regula-
tory region in a yta7-13A mutant during S phase when it
is not normally present. We therefore propose that S-
phase-specific transcription of histone genes reflects the
presence of repressive chromatin at histone loci that is
maintained by FACT and RSC outside of S phase, which
interferes with efficient transcription by RNAPIIL

Cdk1 is the major Cdk in yeast and regulates numerous
cellular processes, including transcription. Although
a connection between S-phase Cdk1 activity and histone
gene transcription seems intuitive, to date, no protein
involved in histone transcription has been identified as
a Cdkl substrate in yeast. In contrast, at least some
activators of histone gene transcription are phosphory-
lated and activated by CDKs in mammals. In human
cells, cyclin E-CDK2 colocalizes with the NPAT proteins
to histone gene clusters in subnuclear Cajal bodies (Ma
et al. 2000; Zhao et al. 2000). Notably, phosphorylation of
NPAT by cyclin E-CDK2 activates histone gene tran-
scription at the G1/S transition (Zhao et al. 1998, 2000;
Ma et al. 2000; Ye et al. 2003). However, the underlying
molecular mechanisms remain to be identified.

CK2 is a multifunctional kinase with known roles in
transcription and RNA processing. In higher eukaryotes,
one-third of CK2 substrates are involved in gene expres-
sion; half of those are transcription factors (Meggio and
Pinna 2003). In yeast, CK2 physically interacts with the
PAF and FACT complexes, both involved in RNAPII
transcript elongation (Gavin et al. 2006; Krogan et al.
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2006). Also, the RNAPII elongation factors Spt4 and Spt5,
which also localize to HTA1 (Supplemental Fig. 5), are
phosphorylated by CK2 in vivo (Krogan et al. 2002).
However, the functional consequences of these phosphor-
ylation events remain unclear. More recently it was
shown that phosphorylation of the SR-like protein Npl3
by CK2 influences RN APII-dependent elongation (Dermody
et al. 2008). Although CK2 activity is not known to be
cell cycle-regulated, our data suggest that phosphoryla-
tion of Yta7 by CK2 may be an important facet of
regulation of transcript elongation by CK2, perhaps
following a priming event involving phosphorylation
of Yta7 by Cdk1.

Our study provides a detailed analysis of regulation of
cell cycle-dependent histone gene transcription through
phosphorylation of the chromatin boundary element
Yta7 by S forms of Cdkl and CK2. As overexpression of
a yta7 phosphomutant is highly toxic and Yta7 localizes
also to numerous other loci (Gradolatto et al. 2008), we
propose that S-phase-specific regulation of Yta7 by Cdk1
and CK2 may be a mechanism that is broadly applied
throughout the genome to regulate gene transcription.
Interestingly, the human homolog of Yta7, ATAD2, is
involved in chromatin dynamics and transcriptional
activities and is up-regulated predominantly in GI1/S-
phase cells, consistent with a possible role in DNA
replication and histone synthesis (Ciro et al. 2009; Caron
et al. 2010). Like Yta7, ATAD?2 is phosphorylated at CK
and CDK consensus sites (Gnad et al. 2007), and over-
expression of ATAD2 strongly correlates with poor prog-
nosis and rapid mortality in lung and breast cancer
patients (Caron et al. 2010; Kalashnikova et al. 2010).
We suggest that further analysis of the Yta7 pathway
in yeast will shed light on regulation by ATAD2 in
mammalian cells and illuminate conserved pathways
controlling regulatory chromatin domains throughout
the eukaryotic genome.

Materials and methods

Yeast strains and plasmids

Yeast strains are listed in Supplemental Table 1. Strains were
generated using standard yeast medium and genetic techniques.
To generate yta7-K460A, yta7-6A, yta7-7A, yta7-13A, and yta7-
13A-K460A mutants, the URA3-cassette was amplified from
pFA6a-URAS3 and integrated into the YTA7 locus to replace the
N-terminal part of the gene. The N-terminal part of Yta7 was
subcloned into a TOPO vector (Invitrogen), and site-directed
mutagenesis was performed using QuikChange site-directed
mutagenesis kit (Agilent). All primers are listed in Supplemental
Table 2. Mutated versions of YTA7 were reintroduced into the
chromosome, and positive clones were selected using replica
plating on 5-FOA plates. Correct integration was verified by
colony PCR and sequencing, and protein expression was tested
by Western blotting.

ChIP

Soluble chromatin was prepared from cells treated with form-
aldehyde (1% final concentration) and immunoprecipitated
using standard procedures (Kim et al. 2004). Chromatin from
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TAP-tagged strains was incubated overnight at 4°C with IgG-
sepharose (Amersham Biosciences). Immunoprecipitated DNA
was analyzed by qPCR, always including an internal control (a
nontranscribed region of chromosome V). ChIP efficiency was
calculated as the ratio of specific primer/control for immuno-
precipitation divided by the same ratio for input (Kim et al.
2004). qPCR reactions were performed using the DyNAmo Flash
SYBR Green qPCR kit (Thermo Scientific) on a 7500 Real-Time
PCR block (Applied Biosystems). Primer annealing was 35 sec at
50°C and extension was 35 sec at 72°C.

Protein analysis and immunoblotting

Extracts for immunoblotting were prepared from pelleted cells
that were incubated in 0.5 mL of breaking solution (0.2 M NaOH,
0.2% B-mercaptoethanol) for 10 min on ice. Proteins were
precipitated with 5% trichloracetic acid (final concentration),
and after an additional 10 min on ice, extracts were centrifuged
in a microfuge at maximum speed for 5 min. Pellets were
resuspended in 1X SDS loading buffer and incubated for 5
min at 95°C, and proteins were separated on 7.5% SDS-poly-
acryamide gels. After electrotransfer, nitrocellulose membranes
(Bio-Rad) were blocked for 1 h in blocking solution containing
5% dry milk powder in TBST (10 mM Tris-HCI, 150 mM NaCl,
0.05% Tween 20 at pH 8.0). Antibodies used for immuno-
blotting were anti-CIb2 (Santa Cruz Biotechnology), anti-yeast
hexokinase (Rockland), peroxidase anti-peroxidase (Sigma), and
anti-RNAPII 8WG16 (EJ Cho et al. 2001).

Cell cycle synchronization by a-factor and FACS

Cells were grown to early log-phase (3 h) and arrested in G1 by
a-factor treatment (5 uM) for 2.5 h at 30°C. Cells were washed
twice with cold YP and released into prewarmed YPD without
a-factor to resume cell cycle progression. At the indicated time
points, 1-mL aliquots of cell culture were taken, fixed in 70%
ethanol, and treated with 10 mg/mL RNaseA in 50 mM Tris-HCI
(pH 8.0) for 3 h at 37°C. After resuspension in 50 mM Tris-HCL
(pH 7.5), Proteinase K (2 mg/mL) was added and cells were
further incubated for 60 min at 50°C. DNA was stained with 1
mM SYTOX Green (Invitrogen) in 50 mM Tris-HCl (pH 7.5),
sonicated at low intensity, and scanned in a Guava Easycyte
FACS from Guava Technologies using Flow Jo software (Flow Jo,
LLC). A-Phosphatase (\-PPase) treatment (New England Biolabs)
was performed as described previously (Kurat et al. 2009).

gPCR analysis of histone gene expression

RNA was prepared using RNeasy minikit (Qiagen). QuantiTect
Reverse Transcription kit (Qiagen) was used to eliminate geno-
mic DNA and synthesize cDNA from ~1 pg of RNA. qPCR
reaction were performed as described above. To distinguish
between similar copies of histone genes, reverse primers anneal-
ing to the 3’ untranslated region (UTR) of histone mRNA were
used. All primers are listed in Supplemental Table 2.

Purification of TAP-tagged Yta7

The protocol can be found in the Supplemental Material.

In vitro kinase assays

Recombinant Cln2-Cdkl kinase complex was expressed and
purified from insect cells as described (Nash et al. 2001). Substrates
including all versions of Yta7 (Yta7-TAP, Yta7-6A-TAP, Yta7-7A-
TAP, and Yta7-13A-TAP) were expressed in yeast under control of
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the endogenous promoter and purified as described above. Kinase
reactions were performed as described (Costanzo et al. 2004).
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