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Acetylation and phosphorylation of the amino-terminal tails of the core histones fluctuate on a global scale
in concert with other major events in chromosome metabolism. A ubiquitin ligase, the anaphase-promoting
complex (APC), controls events in chromosome metabolism such as sister chromatid cohesion and may
regulate H3 phosphorylation by targeting Aurora A, one of several S10-directed H3 kinases in vertebrate cells,
for destruction by the proteasome. Our analysis of apcI10A and apcl1” loss-of-function mutants reveals that the
APC controls the global level of H3 S10 phosphorylation in cycling yeast cells. Surprisingly, it also regulates
dephosphorylation of H3 and global deacetylation of H2B, H3, and H4 during exit from the cell cycle into G,.
Genetic, biochemical, and microarray analyses suggest that APC-dependent cell cycle control of H3 phosphor-
ylation is exerted at the level of an Aurora H3 kinase, Ipllp, while APC-dependent transcriptional induction
of GLC7, an essential H3 phosphatase, contributes to sustained H3 dephosphorylation upon cell cycle with-
drawal. Collectively, our results establish that core histone acetylation state and H3 phosphorylation are
physiologically regulated by the APC and suggest a model in which global reconfiguration of H3 phosphory-

lation state involves APC-dependent control of both an H3 kinase and a conserved phosphatase.

The flexible amino-terminal tails of the core histones are
subject to a variety of site-specific posttranslational modifica-
tions (reviewed in reference 34). Best characterized is acetyla-
tion, which occurs at conserved lysine residues in all core
histones. Phosphorylation of H3 at S10 can be mechanistically
linked to H3 acetylation and has also been well characterized
(23, 32, 48, 49). It is possible to manipulate the extent of tail
modification of the core histones on a global scale by artificial
means. In budding yeast, for example, deletion of histone
acetyltransferase (HAT) genes results in global deacetylation
of target histones, and deletion of histone deacetylases
(HDAGC:) results in the reverse (7, 12, 31, 62, 65, 75). The
effects of HDAC deletion on global histone acetylation in yeast
can be mimicked in mammalian cells by treatment with HDAC
inhibitors (82). Furthermore, mutations that partially cripple
an H3 S10 kinase (Ipllp) or the Glc7p catalytic subunit of an
H3-directed type 1 protein phosphatase (PP1) globally affect
the accumulation of S10-phosphorylated H3 in yeast (32). Con-
sistent with the general observation that the global state of
histone modification is sensitive to artificial manipulation of
histone-modifying enzymes, it has been found that core histone
acetylation and phosphorylation are physiologically regulated
on a global scale. Typically the global reconfiguration of his-
tone modification state under physiological circumstances co-
incides with other major events in chromatin metabolism. For
example, S10 phosphorylation of H3 coincides with chromo-
some condensation during the cell cycle in many species (23),
as does deacetylation of H3 and H4 in mammals (41). In yeast
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global H3 acetylation increases in S phase when the genome is
being replicated (39).

Considering the possibility that global reconfiguration of
histone modification state might generally accompany global
transitions in chromosome organization, we explored the reg-
ulation of histone acetylation and phosphorylation in another
physiological context that involves genome-wide effects on
chromosome structure and function, namely, exit of yeast cells
from proliferative growth into G, arrest. Nutrient deprivation
triggers yeast cells to exit into G, from G, phase of the cell
cycle (78, 79). Cells develop G, phenotypes through the or-
derly execution of a series of molecular events analogous to a
differentiation program in higher eukaryotes (28, 78, 79).
These events include a phase during which the proliferation
rate is greatly reduced (the postdiauxic phase), followed by cell
cycle arrest with a 1n content of DNA. Large-scale transcrip-
tional reprogramming occurs during entry into G, (14), such
that the content of protein-coding poly(A) " RNA is reduced at
least threefold in terminally differentiated G, cells (79). In
addition, the chromosomes of G, cells adopt a folded confor-
mation not observed in cycling cells (60, 61, 79). Using immu-
noblotting, we show that substantial reconfiguration of histone
phosphorylation and acetylation state occurs during the G,
program of development.

What is the nature of the regulatory network that coordi-
nates reconfiguration of histone modification state with other
events in cell cycle exit? Presumably it includes upstream sen-
sors of the environmental conditions that trigger entry into Gy,
intermediate signaling components, and effectors. Little that
might inform analysis of the physiological control of global
histone acetylation state in G, can be gleaned from the liter-
ature. However, what is known about cell cycle control of an
H3 S10 kinase in metazoans is germane to our investigation of
the global control of histone modification state in yeast. This
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enzyme, Aurora A (Aurora2), physically interacts with the
amino-terminal tail of H3 and efficiently phosphorylates S10 in
free and nucleosomal H3 (13, 70). During the division cycle,
Aurora A is degraded in G, and subsequently resynthesized.
Its timely destruction is controlled by the anaphase-promoting
complex (APC), or cyclosome, a highly conserved, multisub-
unit protein ubiquitin ligase (E3) (reviewed in references 26,
58, and 84). In G, the APC ubiquitinates Aurora A, with the
ubiquitin tag serving as the signal for rapid degradation of the
kinase by the proteasome (9, 10, 30, 47).

Although the physiological significance of H3 phosphoryla-
tion by Aurora A in metazoans is yet to be clarified, the
findings described above may be relevant to cell cycle control
of the sole Aurora kinase in yeast, Ipllp. Ipllp is responsible
for global H3 S10 phosphorylation during the cell cycle (32).
Because its bulk expression declines in G; when the APC is
active, others have suggested that Ipllp expression might be
controlled by the APC in yeast (5). Perhaps, then, an APC-
dependent mechanism contributes to the observed repression
of Ipllp activity in G, (6). In this regard, it is noteworthy that
Ipllp contains four RxxL motifs, which may serve as recogni-
tion motifs for ubiquitination by the APC (29). Collectively
these data provisionally place the APC in a network controlling
H3 phosphorylation during the cell cycle. Accordingly, we con-
sidered the possibility that this ubiquitin ligase might also reg-
ulate the histone modification state in response to nutrient
signaling cues. Some additional information further encour-
aged this thinking. (i) The growth response of cycling yeast
cells to glucose availability is controlled by the APC (33). For
example, a temperature-sensitive mutation of an APC subunit
involved in substrate recognition and/or enzymatic processivity
(Apcl0p/Doclp) (8, 57) is suppressed by growth without glu-
cose (33). Genetic evidence supports a model in which glucose-
dependent signals inhibit APC functions related to the control
of anaphase onset and mitotic exit (33). In this model the APC
is well placed to be a regulator of the histone modification state
during the G,-to-G, transition, especially given that glucose
deprivation is a trigger for cell cycle withdrawal. (ii) Our find-
ings concerning the regulation of nucleosome assembly also
relate to the idea that the APC might control the histone
modification state during entry into G,,. Nucleosomes are as-
sembled from soluble histones and naked DNA by replication-
coupled and replication-independent mechanisms (35). We
previously discovered that mutation of the conserved APCS
subunit of the APC inhibits replication-independent chromatin
assembly in a yeast extract (25). The reaction in this system is
also sensitive to mutation of amino-terminal lysines in H4 that
can be acetylated in vivo, and H3 and H4 from G,/M cells are
better substrates for assembly in the extract than are H3 and
H4 from S-phase cells (3, 46, 50). It follows that a defect in
histone metabolism may underlie the assembly defect of ex-
tract from apc5 mutant cells.

These general indications that the APC could be in a path-
way controlling histone modification state in yeast are sup-
ported here by direct experimental observations. We find that
the APC controls the S10 phosphorylation state of H3 during
the cell cycle and in the course of cell cycle withdrawal follow-
ing nutrient limitation. Whereas the APC likely controls the
H3 phosphorylation state during the cell cycle by effects on
Ipllp, an APC-dependent mechanism that controls G, tran-
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scription of the GLC7 H3 phosphatase contributes significantly
to reconfiguration of the H3 phosphorylation state in G,. Sur-
prisingly, the APC also regulates global acetylation of H2B,
H3, and H4 in response to nutrient signaling cues. Collectively,
our results establish that distinct APC-dependent mechanisms
regulate the global modification state of histones in yeast during
active proliferation and during exit from the cell cycle into G,,.

MATERIALS AND METHODS

Yeast strains, growth, and flow cytometry analysis. Haploid derivatives of
S288C were grown in yeast extract-peptone-2% dextrose (YPD) at 24°C unless
otherwise indicated. BY4741 (wild type; MATa wura3AO his3AI leu2AO
met]15A0) and its isogenic partners generated in the yeast gene disruption
project (apc10A::G418, apc9A::G418, and cdc26A::G418) were from Research
Genetics. YAP160 (MATa wura3-52 lys2-801 ade2-101 trpl-A63  his3-A200
apcll::HIS3 leu2-Al::APCII;LEU2) and its isogenic apcll-13 derivative
(apcl11::HIS3 leu2-Al::apcll-13;LEU2) were from A. Page (42). Kelly Tatchell
provided the glc7-127 mutant (KT1640 [MATa leu2 ura3-52 his3 glc7-127]) and its
wild-type partner (KT1112 [MATa leu2 ura3-52 his3]) (30). APCI0 was disrupted
in KT1112 and the glc7-127 mutant by using the apcl0A::G418 cassette obtained
by PCR from strain apcl0A (forward and reverse 400-bp primers are 5'-CATC
TACCCACTTGCGCTTGATGAAATTTT and 5'-GTTAAGCTTCCAAAGT
AAACAACCGAATCC). Disruption was confirmed by PCR analysis. Ipllp
tagged at its amino terminus with the hemagglutinin (HA) epitope (high-copy
LEU2 plasmid pCC1128 from Clarence Chan [36, 37]) or glutathione S-trans-
ferase (GST) (high-copy leu2-d URA3 plasmid pGST-IPLI, expression con-
trolled by the CUPI promoter [51]) was transformed into strains described in
Results. Expression of GST-Ipllp was induced by growth in the presence of 0.5
mM CuSO, and confirmed by anti-GST immunoblotting. Flow cytometry was
performed as described by Epstein and Cross (16) with a FACScan instrument
(Becton Dickinson).

Preparation and assay of plasmid supercoiling extracts (69). Extracts were
prepared from cells grown to stationary phase in 500 ml of YPD. Assembly
reactions in 20-pl reaction mixtures were performed for 30 min at 30°C with
relaxed 3?P-labeled pBluescript template. Supercoiling was analyzed by agarose
gel electrophoresis at 4°C in Tris-acetate-EDTA running buffer.

Antibodies. Fusions of residues 1 to 30 of yeast H3, 1 to 35 of yeast H2B, and
1 to 30 of yeast H4 with GST (plasmids from M. Grunstein [27]) were produced
in Escherichia coli and used to immunize New Zealand White rabbits (3). Crude
serum was used for H2B and H4 immunoblotting (H193 and H196, respectively).
Anti-H3 immunoglobulin Gs (IgGs) (from serum H195) were affinity purified by
using a fusion of residues 1 to 63 of yeast H3 to E. coli anthranilate synthase (63).
The following antihistone antibodies were from Upstate Biotechnology: acety-
lated H3, acetylated H4, phospho-S10 H3, and full-length (bulk) H4; their
product numbers are 06-599, 06-598, 06-570, and 07-108, respectively.

Immunoblotting. Cells were grown to the desired optical density (OD) (the
cell density was confirmed by hemocytometer counting), and the equivalent of 10
ml of cells at an OD at 600 nm (ODggy) of 0.5 was pelleted. For routine
immunoblotting, protein was precipitated with 25% trichloroacetic acid from
cells lysed in 0.5% B-mercaptoethanol and 0.3 M NaOH, and the protein was
then resuspended in sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis sample buffer. After incubation at 65°C for 10 min and vigorous vor-
texing, proteins were resolved in 15% SDS-polyacrylamide gels and electroblot-
ted to nitrocellulose membranes. The membranes were then were incubated with
primary antibody (in 3% bovine serum albumin-Tris-buffered saline-Tween 20),
followed by detection with horseradish peroxidase-conjugated goat anti-rabbit
(1/20,000) or anti-mouse (1/5,000) secondary antibody and enhanced chemilu-
minescence (AP Biotech). This analysis was also applied to cells arrested in G,
with 10 pg of a-factor per ml (supplemented at 90 min), in S phase with 0.1 M
hydroxyurea, and in G,/M with 20 pg of nocodazlole per ml; arrest was con-
firmed by microscopic and FACScan analysis. The viability of apcI0A cells is not
affected by hydroxyurea or nocodazole treatment (V. Ramaswamy and M. C.
Schultz, unpublished data). Primary antibody dilutions were as follows: H2B
antiserum, 1/20,000; affinity-purified H3 IgG, 1/200; H4 antiserum, 1/20,000;
K9/K14 diacetylated H3 IgG, 1/3,000; K5/K9/K12/K14 tetra-acetylated H4,
1:1,000; phospho-S10 H3 IgG, 1/2,000; and full-length H4 IgG, 1:1,000. Rabbit
polyclonal anti-TATA binding protein (anti-TBP) antibody was used at a con-
centration of 1/5,000 in serum (20). Antiactin monoclonal antibody (C4) was
obtained from Chemicon and used at a 1/1,000 dilution. Quantitation of immu-
noblots was performed by optical scanning with a Fluor-S Multiimager (Bio-
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Rad) and Quantity One version 4.2.3. software according to the manufacturer’s
instructions.

Microarray analysis and Northern blotting. Biotin-labeled target cRNA was
prepared in parallel from BY4741 and apclOA cells after 2 days of growth
(between time points 6 and 7 in Fig. 1A) and hybridized to Affymetrix yeast S98
whole-genome oligonucleotide microarrays (all procedures were according to the
manufacturer’s instructions). Chips were processed and data were collected by
using Affymetrix GeneChip system hardware running Microarray Suite 4.0 soft-
ware. GeneSpring 4.1.5 was used for refined data analysis. Two independent
experiments (> = 0.93; n = 1249) were performed for each comparison of the
wild type versus the apcl0A mutant; the fold change for each gene (http://fossil
.biochem.ualberta.ca/SchultzLab/index.html) is the average of the two indepen-
dent measurements. In comparisons described here, the fold change of expres-
sion for genes that normally respond to glucose depletion is the maximum
recorded during the diauxic shift (twofold significance threshold) (14). For
Northern blotting, total RNA was isolated at the indicated time points by hot-
phenol extraction (20), resolved in a 0.8% formaldehyde-agarose gel, and then
transferred to a nylon membrane and hybridized for 16 h at 65°C. The membrane
was washed twice in 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% SDS at room temperature for 10 min, followed by a 30-min wash
in 0.1X SSC-0.1% SDS at 65°C. Fragments consisting of the open reading
frames of genes were used as probes; they were prepared by PCR amplification
from genomic DNA followed by random priming (Invitrogen). Probes were
generated with the following primer pairs: 5'-TGTGGTGACATTCATGGG-3'
and 5’-CTTCCACAACTTGATGGG-3' for GLC7, and 5'-GCTCAATCCAAG
AGAGG-3' and 5'-CCAAGGCGACGTAACATAG-3' for ACTI. For quanti-
tation, signals were captured by using a Typhoon phosphorimager (AP Biotech)
and analyzed with ImageQuant 2.0 software. GLC7 expression levels were nor-
malized to the ACTI mRNA control.

RESULTS

Changes in the amino-terminal modification state of his-
tones are associated with execution of the G, program. The
bulk expression and posttranslational modification of histones
H2B, H3, and H4 were examined during culture of a standard
laboratory strain, BY4741 (wild type), in rich liquid medium.
Growth curves were obtained by direct counting of cells with a
hemacytometer (Fig. 1A). We monitored viability by plating
(not shown) and monitored cell cycle arrest by flow cytometry
(Fig. 1B and C) to assess the suitability of strain BY4741 for
studies of the response to nutrient withdrawal. We found that
when proliferation has essentially stopped (60 h [time point
71), ~95% of cells in a BY4741 culture have a 1n content of
DNA and the budding index is 8%; after 1 week in culture, all
cells have a 1n content of DNA (Fig. 1C). At time point 7 and
later (3 and 14 days), cells have the same viability as at the time
of seeding. We conclude that BY4741 is a suitable strain for
analysis of events in chromatin metabolism associated with
normal execution of the G, program of development.

In order to minimize histone proteolysis in this study, we
trichloroacetic acid precipitated total protein from cells that
had been instantaneously solubilized in NaOH immediately
after recovery by centrifugation. Because the total protein con-
tent of cells declines with growth rate (Fig. 2A) (18), histone
expression levels were determined on a per-cell basis (in all
figures we compare cell equivalents of lysate, where the indi-
cated 2X amount of lysate contains the protein from twice as
many cells as 1X amount of lysate). We probed actin and TBP
as loading controls; actin expression is uniform during the
growth cycle, and, consistent with a previous report (76), TBP
is repressed as cells enter G, (Fig. 2A).

Bulk histone expression was assessed by probing blots with
antibodies raised against fusions of the amino-terminal tails of
H2B, H3, and H4 with GST (Fig. 2B) and an antibody that
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FIG. 1. Growth properties of wild-type and apcl0A cells in liquid
culture. (A) Growth curves of wild-type and apclOA strains in rich
medium. (B) Flow cytometry profiles of wild-type and apcl0A cultures
at the time points in panel A. (C) Flow cytometry profiles of wild-type
and apclOA cultures after 1 and 2 weeks.

recognizes both unmodified and acetylated calf thymus H4. As
shown in Fig. 2B, each histone is resolved as a single band in all
samples. No slower-migrating bands, which could be indicative
of ubiquitination, were detected in our analysis of H2B (not
shown). The bulk expression of H2B and H3 is essentially
uniform throughout the growth cycle. H4 expression increases
during the first 8 h of culture and then declines to a level at
18 h (time point 4) that is maintained until 95% of cells are
arrested with a In DNA content (60 h [time point 7]).
Acetylated histones were detected in the same samples used
to monitor bulk histone expression. Blots were probed with
separate antibodies that recognize the K9/K14 diacetylated
isoform of H3 and K5/K8/K12/K16 tetra-acetylated H4 (and to
a lesser extent acetylated H2B) (see Materials and Methods).
Whereas the bulk expression level of H2B, H3, and H4 does
not change as cells with a 1n DNA content accumulate in a
culture, amino-terminal lysine residues in H2B, H3, and H4
are progressively deacetylated (Fig. 2C). This deacetylation
starts after 18 h and continues until the end point of the
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FIG. 2. Developmental regulation of histone modification state in
wild-type and apcl0A cells. Proteins were resolved by SDS-polyacryl-
amide gel electrophoresis and detected by direct staining of the gel or
by immunoblotting. (A) Total protein content (Coomassie blue stain-
ing) and expression of actin and TBP in wild-type (WT) and apcl0A
cells. (B) Immunoblotting analysis of bulk H2B, H3, and H4 expres-
sion. (C) Acetylation state of H2B, H3, and H4 as determined by
immunoblotting. (D) S10 phosphorylation state of H3 as determined
by immunoblotting. All time points are as in Fig. 1A.

experiment. We obtained an estimate of the fold change in H3
and H4 acetylation levels by quantitation of immunoblots of
serially diluted samples from cells at early and late time points.
The results were normalized to the recovery of unmodified
histone. This analysis revealed that H3 and H4 acetylation
levels decline approximately 2.3- and 1.6-fold, respectively, in
the course of the transition from log-phase growth (time point
3) to cessation of activate proliferation (time point 7).
Knowing that G, is entered from G, (74), when H3 is de-
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phosphorylated (32), led us to suspect that H3 might shift
towards the dephosphorylated state as a population of cells
enters G,. This possibility was examined in the experiment
shown in Fig. 2D. We indeed observed progressive dephos-
phorylation of H3 starting after 15 h of culture (time point 3),
slightly before histone deacetylation is initiated. Quantitation
revealed that H3 S10 phosphorylation is 1.9-fold lower at time
point 7 (60 h) than at time point 4 (18 h) in the growth cycle.
Therefore, execution of the G, program is accompanied at its
onset by global changes in the chromosome modification state
due to decreased H2B, H3, and H4 acetylation and H3 S10
phosphorylation. These findings suggest that the balance of
activity between opposing histone-modifying enzymes is dy-
namic during the growth cycle. This analysis, however, does not
provide any insight into the nature of the regulatory system
that must couple cell cycle and nutrient signaling cues to bio-
chemical events that directly underlie the reconfiguration of
the histone modification state.

Developmentally programmed reconfiguration of histone
modification state is perturbed in APC mutants. A critical
component of the regulatory system that establishes the his-
tone phenotype of early G, cells was identified in experiments
that extended previous studies of nucleosome assembly. These
experiments exploited a crude yeast extract in which nucleo-
some deposition, as measured by plasmid supercoiling, is sen-
sitive to the acetylation state of endogenous H4 (50, 67). Based
on our previous work suggesting that mutation of APCS5 is
associated with defective supercoiling in vitro (25), we assayed
the supercoiling capacity of stationary-phase extracts from mu-
tants of three other well-characterized APC subunits (26).
While relatively unaffected by deletion of either APC9 or
CDC26, supercoiling activity was perturbed in extracts from a
mutant lacking ApclOp/Doclp, a processivity and substrate
recognition subunit of the APC (Fig. 3). The supercoiling re-
sults suggest, among other possibilities, that defective chroma-
tin assembly in vitro could be due to changes in the histone
composition of extracts that stem from altered histone metab-
olism in vivo. While the link between chromatin assembly and
histone modification has been not investigated further, related
studies (see below) have uncovered a regulatory system in
which the APC modulates the state of histone modification in
vivo.

The analysis of APC10 was extended by testing whether its
deletion impairs the developmental regulation of histone mod-
ification. Figure 2 compares the states of histone modification
in apcl0A and wild-type cells during the growth cycle. Deletion
of APC10 does not affect the bulk expression of H2B, H3, or
H4 at any time in the growth cycle (Fig. 2B). However at the
point when the proliferation rate of wild-type cells sharply
declines (36 h [time point 6]), H2B, H3, and H4 are more
comprehensively deacetylated in apcI0A than wild-type cells
(Fig. 2C). During further culture, this difference becomes more
pronounced, so that at 60 h H3 and H4 are, respectively, 2.4-
and 5-fold hypoacetylated in mutant compared to wild-type
cells. Phosphorylation of H3 at S10 is also misregulated in
apclOA cells (Fig. 2D). Surprisingly H3 becomes hyperphos-
phorylated at the apparent point of entry into stationary phase
(2.4-fold over the wild-type level at time point 6) and then is
slowly dephosphorylated as cells further accumulate in G,,.
While dephosphorylation is progressive, at the end point of
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FIG. 3. Plasmid supercoiling activity of extracts from APC mutants.
(A) Wild-type strain (WT) compared to apcI0A mutant. Twenty-five,
50, and 100 pg of extract protein was assayed for each strain. (B) Com-
parison of apc10A to apc9A and cdc26A APC mutants. Twenty-five and
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and highly supercoiled species (SC) is indicated. Lane 1 in panel A is
the input relaxed plasmid DNA.

this experiment H3 is still hyperphosphorylated at S10 in the
mutant compared to the wild type (the wild-type H3 phosphor-
ylation level is 1.8-fold lower than that in apcl0A cells).

To confirm that aberrant histone acetylation and phosphor-
ylation in apcI0A cells reflects a defect in APC function, the
regulation of these H3 and H4 modifications was examined in
a strain with a conditional mutation of APCI1, encoding the
highly conserved RING-H2 subunit of the APC’s ubiquitin
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ligase core (22, 26, 45, 58). Wild-type and apcl1-13 (45) cells
were grown to early stationary phase at the permissive tem-
perature (24°C) (Fig. 4A), a condition that partially inactivates
the APC in cycling apcl1-13 cells but does not affect viability
(45). Figure 4C and D show the immunoblotting results for H3
and H4 in apcl1-13 cells, and for comparison, Fig. 4B shows
the results for H4 in apc10A cells (in this instance, bulk H4 was
also detected by an antibody that recognizes all forms of calf
thymus H4). Clearly, the apcl0A and apcll-13 mutations con-
fer similar histone acetylation phenotypes; bulk H3 and H4
expression is not perturbed by the apcl1-13 mutation (Fig. 4C),
and both histones are aberrantly deacetylated in apc11-13 cells
(Fig. 4D). Prolonged exposure of H4 immunoblots also reveals
hypoacetylation of H2B in apcl1-13 cells (not shown). Figure
4D further shows that S10 phosphorylation of H3 is elevated in
apcll-13 cells in G,. Because histone acetylation and phos-
phorylation are perturbed when the catalytic function of the
APC is compromised, it is likely that APC-dependent regula-
tion of the chromosome covalent modification state involves
ubiquitination of a target protein(s).

Aberrant reconfiguration of histone modification state in
APC mutants is not an indirect consequence of lethal meta-
bolic disruption. Three cellular phenotypes are associated with
the failure of apc10A cells to properly reconfigure the modifi-
cation state of the histones. These phenotypes, however, do not
account for abnormal histone metabolism during the growth
cycle. The failure of apcIOA cultures to reach the same sta-
tionary-phase density as wild-type cultures (Fig. 1A) could
account for abnormal histone metabolism in apcl0A cells if the
latter is generally associated with early cessation of prolifera-
tion in liquid culture. This possibility is ruled out by two ob-
servations: (i) other mutants (ubcIA and spr20A mutants) that
stop proliferating at a low density in liquid culture have the
wild-type pattern of H4 acetylation (not shown), and (ii)
apcll-13 cells have clear defects in histone metabolism (Fig. 4)
but proliferate to the same density as wild-type cells (not
shown). Although wild-type and apcl0OA strains are equally

WT apc10A
Lysatevol. 1 3 1 3 x

_» | #p ™ @ | Tail antibod
Bulk Ha = [ Y.
Full length antibody

YAP160 apci1-13
Lysatevol. 1 2 6 1 2 6 x

H3— |~ =a — o

Ha - [
H3-B)—+»

FIG. 4. Mutation of a subunit of the catalytic core of the APC disrupts regulation of histone modification state. (A) Flow cytometry profile of
apcll-13 cells during active proliferation (early log phase) and at the point of entry into G, (3-day culture). (B) Expression of bulk and
tetra-acetylated H4 in 3-day cultures of the indicated strains. Two different antibodies were used to detect bulk H4 (see text). WT, wild type.
(C) Expression of total H3 and H4 in wild-type and apci1-13 cells cultured for 3 days. Actin was probed as the loading control. (D) Expression
of acetylated H3 and H4 and S10-phosphorylated H3 in wild-type and apcli-13 cells cultured for 3 days.
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viable after 4 days in culture (see Fig. 6B), long-term survival
is severely compromised in the mutant (not shown). This ob-
servation raises the possibility that aberrant histone metabo-
lism is caused by events that lead to inviability in G, We
exclude this possibility, however, because apcll-13 cells have
the same histone phenotypes as apcI0A cells but do not lose
viability upon long-term culture (not shown).

As noted in the introduction, normal progression into G,
involves cell cycle exit to a state in which the nucleus has a 1n
content of DNA. Thus, 2n cells account for only ~5% of the
total wild-type population after 2.5 days in culture (Fig. 1A,
time point 7), and the budding index is 8%; after 1 week, 2n
cells have essentially disappeared (Fig. 1B). In apcI0OA cul-
tures, on the other hand, ~20% of cells have a 2n content of
DNA after 2.5 days (Figs. 1A and B), and the budding index is
18%. Furthermore, 2n apcl0A cells in a growth-arrested cul-
ture are never recruited into the In population (Fig. 1C).
These observations raise the possibility that APC mutants are
grossly defective for execution of the G, program, in which
case a complex interplay of indirect effects and not an abnor-
mal response to nutrient signaling cues could account for their
histone phenotypes. We note, however, that in several impor-
tant respects the growth cycle of apclOA cultures resembles
that of wild-type cultures. Cultures of both strains shift from
containing about the same proportion of 1n and 2n cells during
active proliferation to having a predominance of 1n cells when
proliferation has ceased (Fig. 1B), and total protein and TBP
content decline with almost identical kinetics in wild-type and
apclOA cultures (Fig. 2A). We conclude that the majority of
cells in a growth-arrested apcl0A culture have successfully
executed at least some critical aspects of the normal develop-
mental response to nutrient limitation. Although the 2n cells
that persist in apcI0A cultures may be in a G,/M-like state, the
experiments outlined below reveal that the histone phenotypes
of apcl0A cells are not due to G,/M arrest.

Cell cycle regulation of histone modification state in apcl10A
cells: disruption of H3 S10 phosphorylation but not H3 and H4
acetylation. The flow cytometry analysis of stationary-phase
apclOA cultures reveals the presence of a subpopulation of 2n
DNA cells. This result raises the possibility that when APC
mutants are in G,/M, histone metabolism is disrupted and it is
this disruption that accounts for the histone modification pro-
file of a G, population of apcl0A cells. To explore this possi-
bility, we examined H3 and H4 acetylation and H3 phosphor-
ylation states in wild-type and apcI0A cells uniformly arrested
in G,/M by using nocodazole. As shown in Fig. 5A, G,/M cells
are equally represented in wild-type and mutant cultures
treated with nocodazole. Furthermore, there is no evidence of
H3 and H4 deacetylation or H3 hyperphosphorylation in
apclOA cells (Fig. 5B), in contrast to the situation in nutrient-
limited cultures (Fig. 2 and 5C). We conclude that apc10A cells
that cease proliferation in response to nutrient limitation do
not inherit a pattern of H3 and H4 hypoacetylation or H3 S10
hyperphosphorylation that was established during G,/M of the
cell cycle.

We extended this analysis to characterization of the modi-
fication state of the histones in G- and S-phase-arrested cells
obtained by treatment with a-factor and hydroxyurea, respec-
tively. By FACScan analysis, apcI0A and wild-type cells re-
spond identically to these treatments, with a-factor treatment
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yielding mostly G, cells and hydroxyurea treatment yielding a
population in which most cells have initiated DNA replication
(Fig. 5D). Figure 5E shows that H3 and H4 acetylation does
not differ between wild-type and mutant cells in either G, or S
phase. In contrast, H3 is significantly hyperphosphorylated in
apclOA cells arrested in G, (Fig. SE and F). This result sug-
gests that ApclOp is required during the mitotic cycle for
normal dephosphorylation of H3 in G,. In summary, although
one-fifth of stationary-phase apcl0A cells are in a G,/M-like
state, there is no defect in histone acetylation or phosphoryla-
tion during G,/M when apcl0A cells are actively proliferating.
On the other hand, APC10 is required for S10 dephosphory-
lation of H3 during G, in the mitotic cell cycle and during exit
from the cell cycle into G,

mRNA expression is globally disrupted in apc10A cells un-
der conditions of nutrient limitation. The extent to which the
histone phenotype of apcl0A cells in 2-day cultures (between
time points 6 and 7) is associated with aberrant gene expres-
sion was tested by using microarray technology. Fifteen per-
cent (944) of the ~6,200 known and predicted protein-coding
genes are misregulated in mutant versus wild-type cells (=3-
fold significance threshold). This effect is similar in scale to
that observed when wild-type cells enter the diauxic phase of
the growth cycle (17% of genes affected) (14). It is not as
profound as the effect of depleting H3 and H4 (25% of present
genes affected) (80) and is in contrast to the modest response
to deleting the GCN5 HAT, which impinges on only 4% of
genes (43). From a global perspective, the consequence of
APCI0 deletion for gene expression is not specific to previously
described chromosomal domains; 4APCI0-responsive genes are
distributed throughout the chromosomes (Fig. 6A). Neither is
the effect on expression limited to induction or repression; of
the protein-coding genes, 547 are repressed and 397 are in-
duced. Also, because the net outcome in apclOA cells is re-
pression of <3% of all genes (140) at a stage when bulk
acetylation is reduced by at least 50%, the acetylation pheno-
type is unlikely to simply represent the sum of chromatin-
remodeling events at individual genes that are misregulated in
the mutant.

The pattern of transcriptional misregulation in apcl0A cells
is complex. The effects are not restricted to genes that normally
change in activity during entry into G, (the diauxic shift) (14).
In fact, most genes in the apcI0A gene set are not diauxic shift
genes (66%; 620 of 924), and the fraction of diauxic shift genes
in the mutant set (34%; 324 of 944) is similar to the fraction in
the genome as a whole (~28%; 1,740 of 6,200). The misregu-
lated genes also do not substantially populate defined func-
tional categories of gene product; at the threefold significance
threshold, only one functional category (from PIR keywords
categories in GeneSpring 4.1.5 [http://pir.georgetown.edu
/pirwww/search/searchdb.html]) is represented in the apcl0OA
gene set (oxidative phosphorylation/membrane associated; P =
0.024). Nonetheless, some phenotypes related to nutrient uti-
lization are possibly a direct consequence of transcriptional
misregulation in the apcl0A mutant. For example, two en-
zymes required for ethanol and glycerol utilization (83) are
strongly downregulated in apc10A cells (ADH2, 54-fold repres-
sion; ACS1, 8.7-fold repression), which lose viability when
grown on 2% glycerol or 3% glycerol plus 2% ethanol (Fig. 6B).

Although the transcription phenotype of apcl0A cells may
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FIG. 5. Cell cycle control of histone modification state by the APC. (A) Flow cytometry profiles of wild-type and apc10A cells arrested in G,/M.
The profiles of early-log-phase cultures are shown for comparison. (B) Levels of acetylated H3 and H4 and S10-phosphorylated H3 in wild-type
(WT) and apcl0A cells arrested in G,/M. The loading controls are bulk H3, bulk H4, and actin. (C) Direct comparison of expression of
S10-phosphorylated H3 in wild-type and apc10A cells in G,/M and early G,. The loading control is actin. (D) Flow cytometry profiles of wild-type
and apcl0A cells arrested G, and S. The profiles of early-log-phase cultures are shown for comparison. (E) Levels of acetylated H3 and H4 and
S10-phosphorylated H3 in wild-type and apcl0A cells arrested in G, and S. Loading controls are as in panel B. (F) Expression of S10-
phosphorylated H3 in cycling (early-log-phase) and G,-arrested cells. Strains are as indicated.

represent a complex integration of direct effects of APCI0
deletion with indirect growth effects, it is informative to con-
sider the results in terms of current ideas about the relation-
ship between the histone modification state and transcriptional
regulation. For example, some changes in gene expression in
apclOA cells (Fig. 6C) are consistent with a dependence of
repression on histone deacetylation (38). The behavior of
many nuclear ribosomal protein genes, which are normally
downregulated during the diauxic shift by a mechanism involv-
ing HAT and HDAC complexes (42, 64), is a typical example;
15 of 16 such genes in the apcI0A gene set are hyperrepressed
in the mutant. Conversely, the dampened induction of many
Gy-activated genes (for example the 14 oxidative phosphory-
lation/membrane-associated genes in Fig. 6C) suggests inter-

ference with acetylation events that are normally required for
induction during the diauxic shift. Transcription phenotypes in
apclOA cells, however, do not universally reflect the expected
association of deacetylation with repression (Fig. 6D). Of the
166 genes that are induced in apcI0A cells and are responsive
to nutrient limitation (14), 116 are normally repressed during
the diauxic shift. Therefore, even in the context of global
deacetylation, some genes in apclOA cells are not appropri-
ately repressed. Fifty genes that are overexpressed in apcl0A
cells are normally induced during the diauxic shift. Such G-
activated genes therefore are hyperinduced in the APCI0 null
background.

Glc7p phosphatase is a potential effector in the APC-depen-
dent pathway controlling H3 phosphorylation in G,. The mi-
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croarray experiment revealed that in 2-day cultures, mRNA
expression of only one histone-modifying enzyme is sensitive to
APCI0 deletion. That gene is GLC7, encoding the H3 S10
phosphatase of yeast. GLC7 mRNA is 4.2-fold downregulated
in apcl0A cells in late postdiauxic phase and early G, (Fig.
6D), whereas IPLI and SNFI, encoding the H3 S10 kinases
with which it interacts genetically (32, 48, 67), are unaffected.
We used Northern blotting to confirm and extend this obser-
vation. As shown in Fig. 7A, GLC7 expression is essentially
identical in wild-type and apcl0A cells in early log phase (lanes
1 and 2). On the other hand, consistent with the microarray
result, GLC7 is strongly repressed (sevenfold) in early-station-
ary-phase apcl0A cells (Fig. 7A, lanes 3 and 4).

These results support a model in which normal stationary-
phase expression of GLC7 is dampened when APCI0 is de-
leted. Consequently, the H3 S10 kinase/phosphatase expres-
sion ratio is tipped in favor of the kinases and, therefore,

hyperphosphorylation of H3 (in the simplest case because
Glc7p downregulation causes H3 phosphatase activity to de-
cline). This model predicts that the S10 phosphorylation state
of H3 in G, is sensitive to Glc7p expression. In order to test
this prediction, we examined H3 S10 phosphorylation in a
previously described GLC7 mutant and its isogenic wild-type
partner. The glc7-127 mutation evidently compromises the
ability of the phosphatase to act on H3 in proliferating cells,
even at the permissive temperature. Consequently phos-
pho-H3 accumulates in proliferating glc7-127 cells (32). As
shown in Fig. 7B, H3 phosphorylation is also substantially
elevated in glc7-127 cells in early G, (there was no effect on
histone acetylation [V. Ramaswamy and M. C. Schultz, unpub-
lished data]). To rule out the possibility that H3 is hyperphos-
phorylated in glc7-127 cultures in G, because they include
more G;-like (1n) cells than wild-type cultures (Fig. 5C to E),
the DNA content of cells in 3-day cultures (the same cells used
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for immunoblotting) was analyzed by flow cytometry. Figure
7C reveals that 1n cells are not more abundant in glc7-127
cultures than in wild-type cultures. We conclude that compro-
mising Glc7p-dependent phosphatase activity can contribute to
increased H3 S10 phosphorylation in G,.

The results in Fig. 6C and 7A and the evidence that GLC7
transcription is normally induced in nutrient-deprived cells (14,
17) (see Discussion) suggest that transcriptional regulation of
GLC7 contributes to developmental control of the H3 S10
phosphorylation state during execution of the G, program.
The effect of APC10 deletion on H3 S10 phosphorylation in G,
(Fig. 5E and F) raises the possibility that transcriptional reg-
ulation of GLC7 by the APC also contributes to the control of
H3 phosphorylation during the cell cycle. This hypothesis was
explored by measuring GLC7 expression in wild-type and
apcl0A cells arrested in G, (Fig. 7D). When Northern blotting
results are quantitated after normalization to actin expression,
it is clear that there is no difference in GLC7 expression be-
tween Gj-arrested wild-type and apcl0OA cells. Therefore, the
mechanism that accounts for H3 S10 hyperphosphorylation in
apclOA cells likely involves an APC-dependent effect on GLC7
transcription in G, but not in G,.

GLC7 and APC10 are expected to interact genetically if they
are in the same pathway that controls H3 phosphorylation in
G,. To test this possibility, we created apcIOA and apclOA
glc7-127 mutants isogenic to the strains used in the experi-
ments in Fig. 7B and C. Growth of these four strains was
compared in plating assays, of which representative examples
are shown in Fig. 7E (two independent isolates each of apcl0A
and apcl0A glc7-127 mutants were used). Consistent with anal-

ysis in the BY4741 genetic background (Fig. 1A), APCI0 dis-
ruption confers a slow growth phenotype (compare the wild
type to the two apclOA strains). Combination of the apcl0A
and glc7-127 mutations has a synthetic effect, in which the
double mutant grows more slowly than either the apcl0A or
the glc7-127 single mutant. This genetic interaction supports
the hypothesis that GLC7 and APC10 both act in a pathway
controlling the phosphorylation state of H3. Consistent with
this interpretation, H3 hyperphosphorylation in G is accentu-
ated in the glc7-127 apcl0A double mutant compared to its
wild-type and single mutant partners (Fig. 7F).

Ipllp kinase is a potential effector in the APC-dependent
pathway controlling H3 S10 phosphorylation during the cell
cycle. Results in the literature implicate Ipllp in the control of
H3 phosphorylation state in cycling cells, possibly as a compo-
nent of a pathway involving the APC (see the introduction).
Our genetic and biochemical analyses indeed support the ex-
istence of an APC-dependent mechanism for regulation of
Ipllp, as outlined below. First, IPLI interacts genetically with
APCI10. High-copy-number vectors expressing Ipllp tagged at
the amino terminus with the HA epitope or with GST were
used to transform wild-type and apcl0OA cells. As for Fig. 7E,
cell growth was monitored by plating two independent isolates
of each genotype, and a vector control was included in the
experiments with GST-Ipllp. Figure 8A and B show that over-
expression of HA- or GST-tagged Ipllp reproducibly impairs
the growth of apcI0A but not wild-type cells. Second, expres-
sion of Ipllp is misregulated in apclOA cells. Immunoblotting
was used to monitor the steady-state level of HA-Ipllp in
wild-type and apcl0A strains in Fig. 8A. In cells arrested in G,
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FIG. 8. Interactions of the APC with IPLI. (A) Growth of wild-
type (WT) and apclOA strains carrying the HA-IPL1 plasmid
pCC1128. Growth was for 3 days at room temperature on medium
lacking leucine. Two different transformants are shown. (B) Growth of
wild-type and apcl0OA strains carrying the vector (pYEX) or a GST-
IPL1 overexpression plasmid. Growth was for 3 days at room temper-
ature on medium lacking uracil. Two different transformants are
shown. (C) Anti-HA immunoblot analysis of G,-arrested wild-type and
apclOA strains carrying the HA-IPL1 plasmid pCC1128. The loading
control is actin. (D) Immunoblot analysis of the samples in panel C
with antibody against S10-phosphorylated H3.

by treatment with a-factor, deletion of apcI0OA is associated
with substantial accumulation of HA-Ipl1 (Fig. 8C). Accumu-
lation of previously identified APC substrates is a well-estab-
lished phenotype of some APC mutants (58). We conclude that
expression of Ipllp is limited in G, by a mechanism requiring
the APC. Because Gy is entered from the G, phase of the cell
cycle, in APC mutants it is possible that elevated G, expression
of Ipllp persists in G, and contributes to S10 hyperphospho-
rylation of H3 in the context of nutrient limitation. This hy-
pothesis is supported by the observed modest but reproducible
elevation of H3 S10 phosphorylation which accompanies over-
expression of HA-Iplp in G,-arrested apcl0A cells (Fig. 8D).

DISCUSSION

We show that the global reconfiguration of histone modifi-
cation state in yeast is regulated by APC-dependent mecha-
nisms during the cell cycle and during the response to nutrient
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limitation. Because mutation of a regulatory subunit of the
APC (APC10 product) and mutation of a subunit of its cata-
lytic core (APC11 product) confer similar defects in the control
of histone modification state, it is likely that the APC functions
as a ubiquitin ligase to modulate histone phosphorylation and
acetylation. If this is true and APC-targeted proteins that con-
trol histone modification state are regulated by proteolysis,
then crippling the proteasome should confer histone pheno-
types similar to those observed for apcl0A and apcl1-13 cells.
Analysis of H4 acetylation in a strain with a conditional mu-
tation in the gene for an essential subunit of the 20S proteolytic
core complex of the proteasome (PREI) (4) bears out this
prediction (V. Ramaswamy and M. C. Schultz, unpublished
data). Published information about the physiological regula-
tion of APC activity is consistent with the existence of an
APC-dependent pathway controlling the histone modification
state. (i) The APC is functional during G, (26, 58, 84) when H3
is dephosphorylated by an APC-dependent mechanism. (ii)
The APC in yeast is activated by glucose limitation (33), the
best-characterized trigger of entry into G,,. (iii) A highly active
form of the APC can be isolated from G, (terminally differ-
entiated) mammalian cells (21, 58). Because G, is normally
entered from G, (28, 78, 79), when the APC is active, the APC
is evidently well positioned to modulate histone modification
during cell cycle exit.

Global regulation of H3 phosphorylation state by mecha-
nisms involving the APC. H3 phosphorylation state fluctuates
during the cell cycle in yeast by a mechanism that may involve
regulation of the H3 S10 kinase Ipllp (30). Ipllp is downregu-
lated in G;- compared to S-phase cells (5), Ipllp-dependent
kinase activity declines as cells enter G, (6), and Ipllp accu-
mulates in G,-arrested apcI0A cells (Fig. 8C). Collectively this
evidence is consistent with the straightforward proposal, orig-
inally elaborated by Biggins et al. (5), that bulk expression of
Ipllp during the cell cycle is controlled by the APC. This
regulatory mechanism contributes to cell cycle control of Au-
rora A-type H3 S10 kinases in higher organisms. Therefore, an
APC-dependent pathway for cell cycle regulation of this family
of kinases appears to be conserved in eukaryotes.

The information at hand indicates that APC-dependent reg-
ulation of H3 phosphatase in yeast contributes to physiological
regulation of the H3 S10 phosphorylation state during the
growth cycle. Specifically, because bulk Glc7p-dependent PP1
activity increases as cells enter quiescence (54) and is required
for H3 dephosphorylation in G, (Fig. 7), we propose that G,
induction of H3 S10 phosphatase activity is important for H3
dephosphorylation when nutrients become limiting (Fig. 2).
How might the APC contribute to Gy-induction of H3 phos-
phatase activity? An attractive possibility is based on the find-
ing that G, expression of GLC7 mRNA is repressed in apcl0A
cells (Fig. 6 and 7). Thus, we suggest that high-level expression
of Glc7p in G, is maintained, at least in part, by an APC-
dependent mechanism that actively sustains GLC7 mRNA syn-
thesis. High-level expression of Glc7p is then permissive for
induction of Glc7p-dependent PP1 activity (54) and dephos-
phorylation of H3.

Consistent with our model that a nutrient-responsive path-
way controls GLC7 mRNA expression in Gy, GLC7 has many
features in common with genes that are known to be upregu-
lated when nutrients are limiting. Northern blotting and mi-
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croarray experiments have shown that GLC7 is induced in G,
(14, 17), and its expression is sensitive to disruption of signal-
ing by the target-of-rapamycin kinases, which is required for
execution of the G, program (24, 68). Furthermore the GLC7
promoter contains two optimally positioned copies of the stress
response element that is commonly required for activation of
G-induced genes (44, 52). More generally speaking, the idea
that an APC-dependent mechanism controls GLC?7 transcrip-
tion is consistent with recent evidence that the APC regulates
expression of mammalian transcription factors SnoN (71, 77)
and HOXCI10 (19).

In the simplest model (described above), the APC contrib-
utes to maintenance of H3 dephosphorylation in quiescent
yeast cells by controlling Glc7p-dependent H3 phosphatase
activity. However, in other organisms phosphatases have been
implicated in cell cycle control of H3 phosphorylation by virtue
of their effects on H3 kinases. Most notably, fission yeast Au-
rora A and vertebrate Auroras A and B are inhibited by de-
phosphorylation, and the vertebrate Auroras are physically
associated with phosphatases (53, 72). It follows that budding
yeast Glc7p may regulate the H3 phosphorylation state in G,
by controlling H3 kinase activity. Accordingly, it will be inter-
esting in the future to test whether Glc7p directly regulates
Ipllp in a pathway that includes the APC. Although cell cycle
control of vertebrate and fission yeast Auroras by phosphatases
has not been demonstrated, it may also be profitable, consid-
ering our results, to test whether any Aurora-directed phos-
phatase from these organisms is regulated by the APC.

The APC integrates cell cycle progression and cell cycle exit
signals that control distinct effector mechanisms of H3 de-
phosphorylation. Budding yeast cells enter G, from G, of the
mitotic cell cycle (28, 78, 79). Therefore, cells enter G, at a
time in the cell cycle when the APC is active and an APC-
dependent mechanism, most likely targeted degradation of
Ipllp, promotes H3 dephosphorylation. APC-dependent tran-
scriptional induction of GLC7 subsequently contributes to sus-
tained dephosphorylation of H3 in G,. This regulatory scheme
has three interesting features. First, physiological regulation of
H3 phosphorylation state is not restricted to APC-dependent
mechanisms that impinge on the H3 kinase. Rather, both the
H3 kinase and a phosphatase are regulated. Second, the reg-
ulatory mechanisms that contribute to global reconfiguration
of H3 phosphorylation state differ according to the physiolog-
ical circumstance. Fluctuation of kinase activity (6) in the con-
text of constitutive phosphatase expression suffices to control
H3 phosphorylation during the cell cycle. An additional mech-
anism, induction of the phosphatase, is engaged in response to
nutrient limitation. While these mechanisms are distinct, they
are tightly coupled in the context of G, development: estab-
lishment of the hypophosphorylated state in G, by regulation
of the kinase is reinforced in G, by regulation of the phospha-
tase. Third, the distinct mechanisms for controlling the H3
kinase/phosphatase ratio involve the same master regulator,
the APC. Because it controls G, dephosphorylation of H3,
during every cell cycle the APC promotes a wave of chromo-
some modification that will be reinforced by APC-dependent
induction of Glc7p phosphatase if nutrients become limiting.
From a broad perspective, control of the histone modification
state by the APC is reminiscent of its regulatory function dur-
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ing the active proliferation, when it controls sequential cell
cycle transitions by distinct mechanisms (26, 58, 84).

Regulation of histone acetylation by the APC. Rpd3p is the
HDAC subunit of a conserved transcriptional repressor com-
plex (2). In cycling yeast cells, Rpd3p participates in global
histone deacetylation, perhaps by a mechanism involving bind-
ing of the Rpd3p complex to histones or histone-interacting
proteins (42, 75). After this paper was first submitted, Sand-
meier et al. (66) reported that H3 and H4 are not deacetylated
when yeast rpd3A cells enter G,,. Therefore, Rpd3p is also
required for global deacetylation of H3 and H4 in cells that
have ceased proliferation. Given that Rpd3p is involved in
deacetylation of H2B (73), this enzyme may also contribute to
the global deacetylation of H2B reported here (Fig. 2B). Rel-
atively little is known about the regulation of Rpd3p. For
example, it is not known if the intrinsic enzymatic activity of
Rpd3p, its bulk expression, or its ability to globally bind to
histones or histone-interacting proteins increases during cell
cycle withdrawal. RPD3 mRNA is induced only modestly (if at
all [14]) during the growth cycle, and its expression is not
sensitive to deletion of APCI0 (http://fossil.biochem.ualberta
.ca/SchultzLab/index.html). ~ Accordingly, global histone
deacetylation in G, must not involve APC-dependent tran-
scriptional induction of RPD3 but rather must involve effects at
the protein level (if indeed changes in Rpd3p expression or
properties contribute to global reconfiguration of histone acet-
ylation). If APC-dependent regulation of HAT activity plays a
role in setting the level of global acetylation in G, then mul-
tiple HATs must be affected, because neither Gen5p nor
Esalp, whose deletion globally affects the histone modification
state in cycling cells, can acetylate both H3 and H4 (62, 73). It
is also possible that APC-dependent changes in the H3 S10
phosphorylation state globally influence H3 K9 acetylation (15,
48, 49), although preliminary results do not support this idea
(V. Ramaswamy and M. C. Schultz, unpublished data).

A possible cause-effect relationship between chromatin as-
sembly and APC-dependent reconfiguration of histone modi-
fication state. Because some APC mutants have a chromatin
assembly defect, it is possible that histone replacement (1)
contributes to the global reconfiguration of the histone modi-
fication state in G,. For example, perhaps the APC activates a
chromatin assembly pathway that preferentially deposits acety-
lated histones. When this pathway is inactivated under condi-
tions of nutrient limitation or by mutation of the APC, other
assembly pathways that preferentially use less modified his-
tones could predominate. Against a background of degrada-
tion of free hyperacetylated histones, this mechanism would
drive global replacement of hyper- with hypoacetylated his-
tones. This idea is consistent with our evidence that chromatin
assembly in vitro is responsive to the state of histone modifi-
cation (3, 50) and that extracts from APC10 (this study) and
APCS5 (25) mutants have a defect in assembly activity. In order
to critically test this possibility, it will be necessary to identify
the assembly factors that are active in the crude yeast assembly
system and to test their use of modified versus unmodified
histones during active proliferation and in G,. It could be
profitable to focus on Asflp, a highly conserved chromatin
assembly factor (35). asflA has low viability in G, and, as
observed for apclOA and apcli-13 mutants, an abnormally
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high proportion of 2n cells accumulate in asfIA cultures as
nutrients are depleted (81).

Work performed in the Harkness lab (Fig. 8C in reference
25) suggests that steady-state expression of amino-terminally
unacetylated H3 increases when cycling cells harboring a mu-
tant allele of the APC5 gene (apc5*) are shifted to 37°C. In
contrast, we have no conclusive (reproducible) evidence that
perturbation of the APC interferes with bulk H3 expression or
acetylation state in actively proliferating cells, and H3 phos-
phorylation is affected only in G, of the cell cycle. Interestingly,
cultures of the wild-type S288C strain used by Harkness et al.
cease expanding at a substantially lower OD (ODy,, of ~5
[Fig. 1C in reference 25]) than typically observed for “wild-
type” S288C derivatives and other laboratory strains grown at
30°C (ODgy of ~10 [11, 18, 66, 76, 78]). Harkness et al. also
showed that temperature has a profound effect on the growth
cycle of wild-type cells. Specifically, the time at which cultures
cease expanding is advanced by ~32 h when cells are incubated
at 37°C as opposed to room temperature (or 30°C), and cul-
tures do not grow beyond an ODg, of ~3.5. The latter result
is surprising, because their medium can support proliferation
to an ODg, of ~5 (at room temperature or 30°C) and we find
that S288C cells (strain BY4741) reach the same density at
room temperature and 37°C (not shown). In our view these
findings provide a basis for resolving the apparent discrepancy
between the results presented here and by Harkness et al. (25).
We propose that APC5 and apc5<“ cells enter G, at a relatively
low density because the combination of the strain background
and the conditions used by Harkness et al. promotes an ab-
normal response to nutrient limitation. Thus, the accumulation
of unmodified H3 in apc5 cells at low density may principally
reflect a defect in the APC-dependent network that we find
controls the histone modification state in response to nutrient
signaling cues (rather than exclusive misregulation of cell cy-
cle-dependent events).

Functional significance of global regulation of histone mod-
ification state. Why is H3 phosphorylated during the cell cycle?
Why in cycling cells is the global level of histone acetylation set
to the observed level? Despite intense study in recent years,
these questions await definitive answers (see, for example, ref-
erences 23, 40, and 59). Accordingly, a comprehensive account
of the functional significance of the changes in histone modi-
fication state that occur upon cell cycle exit in response to
nutrient limitation is currently beyond our grasp. Nonetheless,
at least in the case of the ribosomal protein genes, it seems
highly likely that APC-dependent histone deacetylation con-
tributes directly to transcriptional repression in G,. Thus, his-
tone deacetylation by a mechanism involving the Rpd3p
HDAC and Esalp HAT complexes is a critical step in repres-
sion of ribosomal protein genes in response to nutrient limi-
tation (42, 64), and we find that global deacetylation is associ-
ated with their hyperrepression in apcl0A cells. On a more
speculative note, an intriguing possibility regarding the global
organization of chromosomes is worthy of consideration.
There is evidence from sedimentation velocity analysis of chro-
mosome complexes that the overall structure of chromosomes
changes when cells enter G, (60, 61). Perhaps this structural
transformation, which admittedly is not well characterized at
this time, involves genome-wide reconfiguration of the chem-
ical modification state of the chromosomes by the APC-depen-
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dent mechanisms defined here. By extension, the observed
level of global histone modification in cycling cells may help to
establish a specific overall structure of chromosomes that is
permissive for global events in chromosome metabolism that
occur in cycling but not quiescent cells. Such events could
include replication, sister chromatid cohesion and separation,
and high overall transcriptional activity (in proliferating yeast
cells, transcription occurs throughout the chromosomes and
involves 76% of all genes [74]).

A considerable body of evidence suggests that global H3
phosphorylation in Tetrahymena and metazoans is important
for chromosome condensation. The fact that similar kinases
and phosphatases control the global H3 phosphorylation state
in yeast and vertebrates heightens the expectation that H3
phosphorylation also regulates chromosome condensation in
yeast. Mutation of H3 S10 to alanine, however, has no effect on
chromosome dynamics in cycling yeast cells, even when an-
other nearby site of phosphorylation in vivo (528) is also
changed to alanine (32). Importantly, this result does not ex-
clude the possibility that global H3 phosphorylation regulates
chromosome structure in G,. For example, the level of H3
phosphorylation set by APC-dependent events in G, may be
just below a threshold required to change the global structure
of chromosomes. Persistent APC-dependent H3 dephosphor-
ylation in the context of global histone deacetylation might
then trigger global changes in chromosome structure when the
G, program is initiated. Accordingly, studies of chromosome
metabolism in yeast that focus on histone modification during
the G,-to-G,, transition may shed new light on the control of
chromosome structure in higher organisms, including the pos-
sible role of misregulation of Aurora kinases in chromosome
instability of some tumor types (55, 56).
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