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SUMMARY
The decision by a cell to enter a round of growth and division must be intimately coordinated with
nutrient availability and its metabolic state. These metabolic and nutritional requirements, and the
mechanisms by which they induce cell growth and proliferation, remain poorly understood.
Herein, we report that acetyl-CoA is the downstream metabolite of carbon sources that represents
a critical metabolic signal for growth and proliferation. Upon entry into growth, intracellular
acetyl-CoA levels increase substantially and consequently induce the Gcn5p/SAGA-catalyzed
acetylation of histones at genes important for growth, thereby enabling their rapid transcription
and commitment to growth. Thus, acetyl-CoA functions as a carbon-source rheostat that signals
the initiation of the cellular growth program by promoting the acetylation of histones specifically
at growth genes.

INTRODUCTION
How cell growth and proliferation are coordinated with metabolism and the metabolic state
of a cell remains an important unresolved question. When starved for carbon sources or
nutrients such as sulfate or phosphate, budding yeast cells utilize dedicated strategies to halt
cell division to promote survival (Boer et al., 2008; Gray et al., 2004). Upon receipt of
appropriate nutritional or metabolic cues, such as the presence of glucose, they resume
proliferation (Dechant and Peter, 2008; Zaman et al., 2008). These considerations indicate
that yeast cells must attain a sufficiently favorable metabolic state to initiate a round of
growth and division (Dechant and Peter, 2008; Gray et al., 2004; Zaman et al., 2008).

We previously characterized the robust oscillations in oxygen consumption exhibited by
budding yeast during continuous, glucose-limited growth, termed yeast metabolic cycles
(YMC), which depict the life of a yeast cell population under a slow-growth environment
(Tu et al., 2005; Tu and McKnight, 2006; Tu et al., 2007). During such cycles, the highly
synchronized cells continuously transition between three metabolic phases (Figure 1),
termed OX (oxidative), RB (reductive, building), and RC (reductive, charging) (Tu et al.,
2005; Tu and McKnight, 2006). The OX phase represents the peak of mitochondrial
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respiration and is associated with the rapid induction of genes involved in growth. These
include the vast majority of ribosomal, translation, rRNA processing, tRNA processing, and
amino acid biosynthesis genes (Tu et al., 2005). Cell division occurs during the RB phase
when the rate of oxygen consumption begins to decrease, which is accompanied by the
induction of DNA replication and cell cycle genes (Rowicka et al., 2007; Tu et al., 2005). In
the RC phase, many genes associated with stress, starvation, and survival-associated
responses (e.g., heat shock proteins, stress resistance, vacuole, ubiquitin/proteasome) are
activated prior to the next OX phase. Consequently, a variety of fundamental cellular and
metabolic processes are precisely orchestrated about these metabolic cycles (Tu et al., 2005).

Cells in the RC phase of the YMC exhibit several characteristics of stationary phase and
quiescent cells (Allen et al., 2006; Shi et al., 2010). During this temporal window, cells
express many genes negatively correlated with increasing growth rate (Brauer et al., 2008;
Lu et al., 2009). They also become more dense and accumulate the storage carbohydrates
trehalose and glycogen in a manner similar to stationary phase cells (Shi et al., 2010). Thus,
during the YMC cells alternate between phases that can be likened to quiescence or G0
(RC), and phases whereupon they enter growth and activate growth genes (OX) in
preparation for a round of division (RB). Through comprehensive transcript and metabolite
profiling studies, we have previously uncovered the temporal sequence of transcriptional
and metabolic outputs as cells exit the quiescent-like (RC) phase and enter the growth (OX)
and division (RB) phases (Rowicka et al., 2007; Tu et al., 2005; Tu et al., 2007). Herein, we
describe how the YMC system enabled us to discover a key metabolic trigger of cell growth
and proliferation.

RESULTS
Carbon Sources Fuel the Production of Acetyl-CoA upon Entry into Growth

What are the metabolic and nutritional cues that induce yeast cells to enter growth? To
address this question using the YMC, we observed that the addition of select carbon sources
can induce metabolically cycling cells to prematurely exit the RC quiescent-like phase and
immediately enter the OX growth phase (Figure 1A). Such "phase advancement" into
growth is accompanied by a burst of mitochondrial respiration and the induction of growth
genes that are typical of a normal OX phase (Chen et al., 2007; Tu and McKnight, 2009).
Shortly thereafter, cells begin the division process and normal metabolic cycles resume.
While the addition of glucose and galactose readily triggered cells to enter growth, even the
end products of glycolytic metabolism, such as ethanol, acetate, and lactate, effectively
induced cells to exit the RC phase and rapidly enter the OX growth phase (Figure 1A).

Because ethanol and acetate must be converted to acetyl-CoA during the course of their
metabolism (Figure 1B), we suspected that acetyl-CoA itself might represent a metabolic
signal to enter growth (Figure S1). We confirmed previous metabolite investigations of the
YMC which revealed that acetyl-CoA is one of the most dynamically oscillating metabolites
that peaks during the OX growth phase (Figure 1C) (Tu et al., 2007). Moreover, we
determined that rapidly-growing, exponential phase yeast cells contained higher levels of
acetyl-CoA compared to slower-growing cells entering stationary phase (Figure 1D).
Together, these data demonstrate that numerous carbon sources that can be converted to
acetyl-CoA can induce cells to enter growth. They further reveal that a substantial increase
in intracellular acetyl-CoA is associated with, and may be required, for entry into growth.
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Identification of Proteins within the SAGA Transcriptional Coactivator that are Acetylated
upon Entry into Growth

There are several possibilities by which acetyl-CoA could be functioning as a metabolic
signal for growth. Acetyl-CoA is not only a central intermediate in the oxidation of glucose
to produce ATP, but also a precursor for the biosynthesis of numerous metabolites required
to build a new cell, such as lipids and sterols (Figure 1B). Therefore, metabolites
downstream of acetyl-CoA could be signaling growth. Acetyl-CoA is also the acetyl donor
for acetylation reactions within the cell. We hypothesized the existence of proteins that
might become acetylated only upon the increase in intracellular acetyl-CoA that
accompanies entry into growth. The acetylation of such a protein might then enable it to
perform some function required for growth or proliferation.

To test this possibility, we utilized an unbiased proteomic approach in search of proteins that
might become acetylated only upon entry into the OX growth phase of the YMC in tune
with the increase in intracellular acetyl-CoA levels. We spiked cells in the quiescent-like RC
phase of the YMC with 13C acetate, which induced the cycling cell population to phase
advance and rapidly enter the OX growth phase (Figure 1E). Several minutes later at a time
when ~50% of the acetyl-CoA was still the 13C labeled form, we harvested cells,
immunoprecipitated acetylated peptides, and prepared them for LC-MS/MS analysis to
identify candidates that contained either a 13C acetyl-lysine or unlabeled 12C acetyl-lysine.
Some of the proteins identified in this manner might be newly acetylated upon entry into the
OX growth phase.

One of the proteins identified in this screen was Spt7p, a component of the SAGA (Spt-Ada-
Gcn5-Acetyltransferase) transcriptional coactivator complex (Grant et al., 1997). To test if
the acetylation of Spt7p was dynamic and correlated with the fluctuation in acetyl-CoA
levels across the YMC, we epitope-tagged Spt7p and immunoprecipitated SAGA across the
YMC to assess its acetylation state (Figure 2A). We confirmed that Spt7p was acetylated
and discovered that two other proteins (Ada3p, Sgf73p) within the SAGA complex were
dynamically acetylated during the OX phase precisely when intracellular acetyl-CoA levels
increased (Figure 2A). The cyclic acetylation of Ada3p and Sgf73p (the yeast homolog of
Ataxin-7) was more dynamic than that of Spt7p, and the steady state abundance of SAGA
remained largely unchanged as a function of the YMC (Figure 2A, Figure S2A). In support
of these data, previous studies also detected acetylation of yeast Spt7p and Sgf73p, and
human Ada3p within SAGA (Gamper et al., 2009; Mischerikow et al., 2009).

The Gcn5p Acetyltransferase Directs the Acetylation of SAGA Components and Histones
in Tune with the Increase in Acetyl-CoA upon Entry into Growth

The Gcn5p acetyltransferase is a component of SAGA (Brownell et al., 1996; Grant et al.,
1997), suggesting it might be responsible for acetylation of proteins within the complex.
Indeed, we confirmed that Spt7p, Sgf73p, and Ada3p were no longer acetylated in a gcn5Δ
mutant (Figure 2B), despite still being present within a SAGA complex lacking Gcn5p (Wu
and Winston, 2002) (Figure S2B). Multiple lysines within these proteins were confirmed to
be sites of acetylation by mutation to arginine (Figure 2C). Moreover, in the absence of
Ada3p, the acetylation of both Spt7p and Sgf73p was completely eliminated (Figure 2D).

Since SAGA functions as a histone acetyltransferase (Grant et al., 1997; Lee and Workman,
2007; Suka et al., 2001), we next tested whether the acetylation of particular sites on
histones might also occur in tune with the increase in acetyl-CoA concentration upon entry
into the OX growth phase. Strikingly, we observed that the acetylation of many sites on
histone H3 (K9, K14, K18, K23, K27, K56) and histone H4 (K5, K8, K12) was highly
periodic over the YMC. All of these sites, with the exception of H3K56 and H4K16, were
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acetylated beginning in the OX growth phase, which is precisely when acetyl-CoA levels
within the cell increase substantially (Figure 3). H3K56 acetylation occurred at later time
points during the temporal window of the YMC when cell division occurs (Figure 3) (Tu et
al., 2005). These data confirm that H3K56 acetylation occurs during S phase and as a
function of the cell cycle (Masumoto et al., 2005; Xu et al., 2005). Interestingly, H3K4
trimethylation, which is a mark associated with active transcription (Pokholok et al., 2005),
did not fluctuate significantly at the bulk level (Figure 3). As SAGA has been implicated in
the acetylation of many of these sites on H3 that increase in OX phase (Grant et al., 1997;
Grant et al., 1999), these data reveal that Gcn5p-containing SAGA might specifically
acetylate H3 only following the burst of acetyl-CoA production that is concomitant with
entry into growth.

SAGA Acetylates Histones Specifically at those Genes Important for Growth upon Entry
into Growth

We next tested whether SAGA might be recruited to acetylate H3 specifically at OX phase
growth genes to enable their transcription upon entry into growth. Interestingly, many genes
previously reported to be regulated by Gcn5p or SAGA are genes involved in growth (e.g.,
ribosomal) that comprise the OX phase expression program, while others are linked to
stress-associated functions (Huisinga and Pugh, 2004; Robert et al., 2004). We chose several
SAGA target genes that are induced during the RC phase (STI1, ARO9) and several targets
that are induced during the OX phase of the YMC (RPS11B, RPL33B, SHM2) to determine
whether they might be regulated by SAGA-catalyzed histone acetylation during the YMC
(Huisinga and Pugh, 2004; Robert et al., 2004). We performed chromatin
immunoprecipitation (ChIP) analysis to quantitate SAGA binding and histone acetylation at
these target genes in either OX or RC phase (Figure 4). We confirmed that SAGA
preferentially bound OX phase targets during OX phase, and RC phase targets during RC
phase (Figure 4A). H3K9, H3K14, H3K18, H3K23, and H3K27 were significantly
acetylated at the OX phase SAGA targets specifically during OX phase, perhaps as
expected. In striking contrast, for RC phase SAGA targets, there was no significant increase
in H3 acetylation in either RC phase or OX phase (Figure 4A). These data suggest that
acetyl-CoA enables SAGA to acetylate histones specifically at OX phase growth genes to
facilitate enhanced transcription. In support of this idea, the transcripts of OX phase genes
peak very sharply in the midst of the respiratory burst and H3 acetylation has been shown to
correlate with transcription rate (Figure 4B) (Kurdistani et al., 2004; Pokholok et al., 2005;
Tu et al., 2005).

Having established that induction of histone acetylation occurs at several growth genes upon
entry into growth, we next performed ChIP-seq analysis to assess the genome-wide locations
of H3K9 acetylation, a highly cyclic OX phase histone modification catalyzed by SAGA
(Grant et al., 1999; Zhang et al., 1998) (Figure 5). Substantially more genomic regions
containing acetylated-H3K9 were observed in OX phase compared to RC phase (Figure 5A,
5B), in agreement with Western analysis (Figure 3). Strikingly, H3K9 acetylation was
present almost exclusively at growth genes (e.g., ribosome biogenesis, translation, amino
acid metabolism), specifically during OX phase (Figure 5B, 5C and Figure S4). Many
chromosomal locations containing H3K9 acetylation correlated well with SAGA binding,
especially at ribosomal genes (Figure 5A, 5C). In contrast, many fewer genomic regions
containing H3K9 acetylation were detected in RC phase (Figure 5B), despite the fact that
>43% of all periodic YMC genes are expressed in RC phase (Tu et al., 2005). Moreover, the
majority of regions bound by SAGA in the RC phase were not associated with a
corresponding increase in H3K9 acetylation (Figure 5A). Collectively, these data strongly
suggest that histone acetylation induced by acetyl-CoA is rate-limiting primarily for the
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transcription of OX phase growth genes, whereas RC phase genes are much less dependent
on histone acetylation for activation.

Acetyl-CoA Drives Cell Growth through Gcn5p and SAGA
Multiple lines of genetic evidence substantiate our findings that acetyl-CoA sets in motion a
series of acetylation events to enable cellular commitment to growth. Bulk histone
acetylation was previously found to be compromised in yeast containing mutations in acetyl-
CoA synthetase enzymes that control acetyl-CoA flux (Takahashi et al., 2006). Furthermore,
a synthetic genetic interaction between a temperature sensitive mutation in acetyl-CoA
synthetase (acs2-ts) and gcn5Δ has been reported (Takahashi et al., 2006). Notably, we
observed that a gcn5Δ mutant exhibited slow growth and did not undergo the synchronized
bursts of respiratory growth that are a hallmark of metabolic cycles, in contrast to mutants
lacking other acetyltransferases (Figures 6A, 6C and Figures S5C, S5D). A catalytically
inactive Gcn5p point mutant (E173Q) also exhibited a severe cycling phenotype (Figures
S5A, S5B) (Trievel et al., 1999). Moreover, an acs1Δ mutant, which lacks the acetyl-CoA
synthetase expressed under glucose-poor conditions (van den Berg et al., 1996), did not
undergo metabolic cycles (Figure S5E).

How might the acetylation of Sgf73p, Ada3p, and Spt7p by Gcn5p affect the SAGA
complex and its ability to acetylate histones at growth genes? To test whether the
composition of the SAGA complex might change due to acetylation, we immunoprecipitated
SAGA across the YMC and observed no obvious changes in its protein composition (Figure
S2B). To test whether the acetylation of SAGA enhances its activity as a histone
acetyltransferase, we immunopurified SAGA from either the OX or RC phase and did not
detect differences in its ability to acetylate free histones or core nucleosomes in vitro (data
not shown). However, we observed that SAGA isolated in RC phase autoacetylates in vitro
to a level equivalent to the OX phase, acetylated form, thus making it difficult to assess the
acetylation activity of hypoacetylated SAGA (Figure 2E). Moreover, incubation of SAGA
with acetyl-CoA resulted in hyperacetylation of Sgf73p, while the acetylation state of other
proteins within SAGA remained largely unchanged (Figure 2E). These data suggest that
Sgf73p in particular can be acetylated at many sites and that its acetylation might be
particularly sensitive to acetyl-CoA fluctuations. Interestingly, the sgf73Δ mutant exhibited
slow growth, defects in H3 acetylation, and abnormal metabolic cycles (Figures 6A–6D).
Although Sgf73p is also required for histone deubiquitylation catalyzed by SAGA (Kohler
et al., 2008), this activity does not appear critical for entry into growth, as the ubp8Δ mutant
exhibited normal growth and more normal metabolic cycles (Figure S5F). In addition, the
ada3Δ mutant, which completely eliminates acetylation of Spt7p and Sgf73p (Figure 2D),
also exhibited slow growth, defects in H3 acetylation, and abnormal cycles (Figures 6A–
6D).

Given that SAGA components can be acetylated at many sites (Figures 2C and 2E), we then
attempted to address the functional role of the acetylation of SAGA components by
constructing a diploid strain expressing one copy of wild type Gcn5p and one copy of a
catalytically inactive Gcn5p (E173Q) mutant, each marked with its own epitope tag.
Interestingly, we observed that the catalytically inactive Gcn5p was present within a SAGA
complex that did not appear to be acetylated, while as expected wild type Gcn5p was present
within a SAGA complex that is acetylated (Figure S6A). This diploid strain expressing two
different alleles of Gcn5p was able to undergo normal metabolic cycles, and so we tested
whether the acetylation of SAGA might influence its ability to be recruited to particular
genes. We observed that while both acetylated and deacetylated SAGA were present at an
RC phase gene during RC phase, the acetylated form of SAGA (as pulled down using WT
Gcn5p) exhibited increased binding to a ribosomal gene during the OX growth phase
(Figure S6A). These data suggest that the Gcn5p-catalyzed acetylation of SAGA
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components might function to aid its recruitment to certain classes of genes, in particular the
OX phase growth genes. In this experiment, we cannot exclude the possibility that Gcn5p-
dependent acetylation of a chromosome-bound target might be required for the stabilization
of SAGA on chromatin. Moreover, it is possible that some of the acetylation sites within
SAGA could be a coincidental consequence of having an acetyltransferase enzyme situated
within a complex of proteins that is activated in response to a burst of acetyl-CoA
production. Nonetheless, previous studies on the role of Ada3p and the observation that the
acetylation of SAGA components Spt7p and Sgf73p is dependent on Ada3p (Figure 2D)
suggest the possibility that acetylation of SAGA could function to stimulate its nucleosomal
acetyltransferase activity and perhaps its activation or recruitment to growth genes
(Balasubramanian et al., 2002; Wu et al., 1999).

Lastly, we determined that the acetate-induced increase in H3 acetylation and growth gene
expression was severely reduced in a gcn5Δ mutant, indicating that the effects of acetyl-CoA
on histone acetylation and cell growth are mediated primarily through Gcn5p (Figures 7A–
7D). Moreover, the increase in bulk levels of H4 acetylation in response to acetyl-CoA is
also dependent on Gcn5p (Figure 7B), suggesting the activity of the NuA4 acetyltranferase
complex can be influenced by SAGA in some instances. Together, these data show that both
Gcn5p and acetyl-CoA are at the core of the metabolic cycling response and provide
compelling evidence that a burst of acetyl-CoA production triggers a series of acetylation
events that culminates in the expression of growth genes and commitment to cell growth and
division.

DISCUSSION
In this study, we have shown how cellular metabolism is directly linked to the regulation of
growth genes and hence, entry into growth and the cell cycle. By regulating the acetylation
of select proteins important for growth in tune with acetyl-CoA levels, a yeast cell appears
capable of coordinating the decision to enter growth with the production of this central
metabolite of carbon sources that is indicative of its metabolic and nutritional state. The
observation that acetyl-CoA levels tend to be constitutively high under nutrient-rich growth
conditions commonly used in the laboratory (Figure 1D) might explain why this
fundamental mode of regulation has been previously overlooked. In the YMC, we have
slowed the growth of a highly synchronized yeast cell population through the use of
continuous, glucose-limited conditions, thereby facilitating the observation of the molecular
and metabolic events that accompany entry into growth (Laxman and Tu, 2010).

Notably, not all acetylated proteins are dynamically acetylated across the YMC in tune with
metabolic state (Figure S6B and data not shown). How then does the Gcn5p-containing
SAGA complex acetylate its substrates in response to increases in acetyl-CoA
concentration? Based on previous in vitro Kd (~8.5 µM) and Km (~2.5 µM) measurements
for Gcn5p (Berndsen and Denu, 2008; Langer et al., 2002), our estimates of intracellular
acetyl-CoA concentration across the YMC (~3 to 30 µM) indicate it is conceivable that the
activity of SAGA could be regulated in vivo by physiological fluctuations of acetyl-CoA
(Figure S7A). Accordingly, the observation that a catalytically inactive point mutant of
Gcn5p fails to undergo the bursts of growth that are a hallmark of the YMC is consistent
with a critical role for Gcn5p in driving cell growth (Figure 6C and Figures S5A, S5B).
Moreover, we observed that the A190T mutant, which increases its affinity for acetyl-CoA
by ~10-fold from 8.5 µM to 0.56 µM (Langer et al., 2002), exhibits a temperature sensitive
growth defect on acetate as the carbon source, suggesting that Gcn5p might be finely tuned
to sense and respond to a higher threshold of acetyl-CoA levels in vivo (Figure S7B).
However, the kinetic parameters for Gcn5p are comparable to those measured for other
acetyltransferases such as Esa1p (Berndsen and Denu, 2008). In contrast to this observation,
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the increase in H4 acetylation catalyzed by the Esa1p–containing NuA4 complex in
response to acetyl-CoA is dependent on Gcn5p (Figure 7B), indicating the vivo behavior of
acetyltransferases in relation to changes in acetyl-CoA substrate levels might not be
immediately predictable from estimates of their kinetic parameters alone. Regardless,
multiple lines of evidence strongly indicate that Gcn5p-containing SAGA distinctively
acetylates substrates in vivo in response to the burst of acetyl-CoA production that
accompanies entry into growth. As such, acetyl-CoA triggers a series of acetylation events
within SAGA and at histone tails surrounding growth genes, thereby enabling rapid gene
activation and consequent commitment to growth. Future studies will be required to resolve
the molecular changes to the SAGA complex following acetylation and how they affect its
function and recruitment to particular classes of genes, as well as the basis for its ability to
acetylate substrates in tune with increases in intracellular acetyl-CoA levels.

In closing, our data have revealed one of the elusive mechanisms by which carbon sources
trigger growth and raise the possibility that the products of glycolytic metabolism (e.g.,
ethanol, acetate, lactate) may be important activators of growth within microbial
communities and cancerous tumors (Sonveaux et al., 2008). In addition, genetic alterations
that cause a net accumulation of intracellular acetyl-CoA may enhance cellular proliferative
capacity. As protein acetylation has also been linked to metabolism in several previous
studies (Choudhary et al., 2009; Friis et al., 2009; Takahashi et al., 2006; Wang et al., 2010;
Wellen et al., 2009; Zhao et al., 2010), we predict that a similar control of gene expression
and protein activities with respect to intracellular acetyl-CoA levels might represent a
widely conserved mechanism by which cell growth and proliferation are coordinated with
metabolic state.

EXPERIMENTAL PROCEDURES
Yeast Strains and Methods

All yeast strains were constructed in the CEN.PK background (van Dijken et al., 2000).
Gene deletion strains were constructed by replacing the target gene with a drug cassette by
homologous recombination (Longtine et al., 1998). C-terminal tagging of genes was also
performed by homologous recombination followed by drug selection. Site-directed
mutagenesis was performed by PCR in which primers containing the mutation were used to
generate two PCR fragments that contain ~45 bp overlapping regions containing the
mutation. Fusion PCR or isothermal assembly (Gibson et al., 2009) was then performed to
fuse the fragments together and the product was used for transformation. The introduced
mutations and the full-length gene sequences were verified by DNA sequencing.

Yeast Cell Lysis and Immunoprecipitation
Typically ~100 OD yeast cells were lysed in 1 ml lysis buffer (100 mM Tris-Cl pH 7.5, 100
mM NaCl, 50 mM NaF, 1 mM EDTA, 1 mM EGTA, 0.1% Tween-20, 10% glycerol, 50
mM sodium butyrate, 50 mM nicotinamide, 5 µM trichostatin A, 1 mM PMSF, 10 µM
leupeptin, 5 µM pepstatin A, Roche protease inhibitor cocktail, 14 mM β-mercaptoethanol)
by bead beating and immunoprecipitation was performed by incubating the lysate with 15 µl
magnetic beads (Invitrogen) conjugated to 2 µg Flag M2 antibody (Sigma). After washing 3
times in the same buffer, the beads were boiled. For the in vitro SAGA autoacetylation
experiment (Figure 2E), the SAGA complex was eluted off the beads with Flag peptide.

Identification of Proteins Acetylated during the OX Growth Phase of the YMC
Identification of acetylated proteins by affinity purification of the acetylated peptides was
performed largely according to a previously published protocol (Kim et al., 2006). Details
are provided in the Supplemental Experimental Procedures. Candidate genes were FLAG-
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tagged at the C-terminus. Immunoprecipitation of the tagged protein from cells grown to log
phase in YPGE (YP + glycerol, ethanol) culture was performed followed by Western blot
using an antibody against acetyl-lysine (Immunechem #ICP0380) to confirm acetylation of
the candidate protein. To determine whether the candidate protein was dynamically
acetylated, cells were collected over 12 time points of the YMC and analyzed similarly. Not
all proteins were dynamically acetylated across the YMC (Figure S6).

Histone Western Blots
Western blots to detect histone modifications at the bulk level were performed using a
protocol adapted from previously published studies (Keogh et al., 2006). Western blots were
performed using commercially available antibodies that are highly specific for the indicated
modifications (Suka et al., 2001) listed in the Supplemental Experimental Procedures.

Chromatin Immunoprecipitation (ChIP)
Chromatin immunoprecipitation was performed according to a well-established protocol
with minor modifications (Ezhkova and Tansey, 2006). Lysates were sonicated using
Bioruptor. For ChIP with histone antibodies, 50 µl whole cell extract (WCE) was diluted
1:10 and used for each ChIP. For SAGA ChIP, 500 µl WCE and 2 µg Flag M2 antibody was
used. Real-time PCR was performed in triplicate using SYBR green reagents from Applied
Biosystems. PCR primers were designed by Primer Express software from Applied
Biosystems to target every ~250 bp region from −750 bp before to 750 bp after the start
codon of the selected gene.

ChIP-Seq
Library construction was performed using a protocol from the following website:
http://bioinfo.mbb.yale.edu/array/Solexa_LibraryPrep_20080229ge.pdf Sequencing was
performed on an Illumina GA IIX supervised by the UTSW Microarray Core Facility.
H3K9ac/H3 data was analyzed using CLC Genomics Workbench software. Peaks were
called with a maximum FDR = 1% and maximum p-value for Wilcoxon test = 1.0E-4.
SAGA/Input data was assembled to the reference genome by Bowtie and analyzed by
CisGenome as described in its online tutorial (Ji et al., 2008). Peaks with a fold-enrichment
value max|FC| above 2 (>4-fold change) were selected. Peaks were annotated with the gene
whose transcription start site (TSS) is closest to the peak region. The CisGenome browser
was used to visualize ChIP-Seq peaks (Ji et al., 2008).

In vitro HAT Assay
SAGA was immunoprecipitated from OX and RC phase of the YMC as described above.
Beads were washed twice with HAT buffer (50 mM Tris•Cl pH 8.0, 1 mM DTT, 5%
glycerol, 1 mM PMSF, 0.03% NP-40) and incubated with HeLa core histones or long
oligonucleosomes in the presence of 3H-acetyl-CoA in HAT buffer at 30°C for 1 hr. The
reaction was spotted onto phosphocellulose filter paper, dried and washed twice with 50 mM
NaHCO3-Na2CO3 buffer (pH 9.2), and rinsed with acetone. The dried filter paper was
placed into vials for liquid scintillation counting to quantitate 3H signal.

Metabolic Cycles and Metabolite Analysis
Chemostat growth, metabolite extraction, and LC-MS/MS analysis of cellular metabolites
were performed as described previously (Tu et al., 2005; Tu et al., 2007).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Acetyl-CoA is a Metabolite of Carbon Sources that Induces Entry into Growth
(A) Entry into the OX, growth phase of the YMC can be induced by addition of glucose as
well as products of glycolytic metabolism. Acetate (1 mM) was added to cycling cells in the
RC phase and immediately triggered entry into OX phase, which is characterized by a burst
of mitochondrial respiration and transcription of growth genes (Tu et al., 2005). In addition
to acetate, ethanol, acetaldehyde, and lactate were also able to induce entry into growth.
(B) The yeast pathways that synthesize and consume acetyl-CoA.
(C) Upregulation of acetyl-CoA production upon entry into the OX growth phase.
Metabolites were extracted from cells harvested at the indicated 12 time points across one
cycle. Acetyl-CoA levels were measured by LC-MS/MS using multiple reaction monitoring
(MRM) and quantitating two specific daughter fragments for acetyl-CoA (303, 159 Da) as
described previously (Tu et al., 2007). Data were normalized against the first time point.
(D) Acetyl-CoA levels correlate with growth rate in batch culture. Metabolites were
extracted from an equivalent number of cells collected at the specified time points during
batch culture growth in SD minimal media. Note that acetyl-CoA levels are significantly
higher in exponential phase compared to stationary phase.
(E) Acetate-induced entry into growth is accompanied by a significant increase in
intracellular acetyl-CoA. Metabolites were extracted from cells collected at 1.5 minute
intervals following addition of 13C-labeled acetate to cells in RC phase. 12C and 13C acetyl-
CoA were quantitated by LC-MS/MS. 13C acetate was quickly converted to 13C acetyl-CoA,
and 12C acetyl-CoA from endogenous, unlabeled carbon sources also increased in response
to the stimulus.
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Figure 2. Several Components of the SAGA Transcriptional Coactivator are Acetylated by
Gcn5p upon Entry into Growth
(A) SAGA was immunoprecipitated from a SPT7-FLAG strain across 12 time points of the
YMC and protein acetylation was detected by Western blot using an anti-acetyl-lysine
antibody. Spt7p, Ada3p, and Sgf73p were found to be dynamically acetylated over the YMC
with the highest levels in the OX growth phase, when acetyl-CoA levels increase
substantially (Figure 1C). Data from two independent metabolic cycle experiments are
shown.
(B) Acetylation of SAGA components is dependent on Gcn5p. Strains expressing C-
terminally FLAG-tagged versions of either SPT7, ADA3, or SGF73 in a haploid gcn5Δ
background were constructed. Proteins were immunoprecipitated from cells grown to log
phase using a FLAG antibody and then acetylation state was detected by Western blot. After
mating to a wild type GCN5 haploid, acetylation of each of the three proteins was restored in
the resulting diploid.
(C) SAGA components are acetylated at many lysine residues. Mutants were constructed in
a SPT7-FLAG, SGF73-HA strain, according to sites identified by LC-MS/MS and by a
previous study (Mischerikow et al., 2009). K603, 607 on Spt7p, K183 on Ada3p, and K171,
199, 211, 224, 288, 300 on Sgf73p were mutated to arginine separately or in combination as
indicated. The resulting consequences on acetylation of SAGA was determined by
immunoprecipitating SAGA from either a log phase YPD batch culture (left), or OX or RC
phase of the YMC (right), followed by Western analysis.
(D) The acetylation of SAGA components is dependent on Ada3p. The acetylation status of
SAGA components was determined as described above in the indicated strains.
(E) Sgf73p is hyperacetylated upon incubation of SAGA with acetyl-CoA in vitro.
Immunopurified SAGA complex from the OX or RC phase of the YMC was incubated with
the indicated concentrations of acetyl-CoA for 30 min at 30°C. The acetylation state of
SAGA components was monitored by Western blot. Note that Sgf73p within SAGA
becomes hyperacetylated, suggesting there are many lysine residues that can be acetylated in
response to acetyl-CoA.

Cai et al. Page 13

Mol Cell. Author manuscript; available in PMC 2012 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Induction of Histone Acetylation upon Entry into Growth
Protein extracts were prepared across 12 time points of one metabolic cycle for bulk analysis
of histone modifications. Western blots were performed using highly specific antibodies
recognizing the indicated modifications on histone H3 or H4. Acetylation of H3K9, H3K14,
H3K18, H3K23, H3K27, and H4K5, H4K8, H4K12, increased substantially in tune with the
increase in acetyl-CoA that accompanies entry into the OX growth phase. Acetylation of
H3K56 increased at later time points in RB phase during the time of cell division. H3K4
trimethylation remained largely unchanged as a function of the YMC as assayed at the bulk
level.
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Figure 4. SAGA and Acetylated Histones are Present at Growth Genes upon Entry into Growth
(A) Chromatin immunoprecipitation was performed to quantitate SAGA binding and histone
acetylation at previously identified SAGA target genes that peak either during RC phase
(STI1, ARO9) or OX phase (RPS11B, RPL33B, SHM2). SPT7-FLAG cells were crosslinked
for ChIP analysis in early OX phase corresponding to time point 3 and in early RC phase
corresponding to time point 9 (Figure 3). Histones at these OX phase genes are significantly
acetylated upon gene activation, in contrast to RC phase genes. Several acetylated sites on
H4 were also present at ribosomal genes during OX phase (Figure S3). Error bars denote
standard deviation for triplicate experiments.
(B) YMC expression profiles of SAGA target genes from RC and OX Phase used for ChIP
analysis. Expression data are from 36 time points over 3 consecutive metabolic cycles as
reported previously (Tu et al., 2005).
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Figure 5. Genome-wide Analysis Reveals that Histone H3 at Growth Genes becomes Acetylated
upon Entry into Growth
(A) ChIP-seq analysis was performed to reveal genomic regions occupied by H3K9ac and
SAGA at a time point in either early OX or early RC phase, as in Figure 4. Sequencing data
were analyzed and displayed using CisGenome (Ji et al., 2008). The arrows mark peaks
associated with the following genes (maximal YMC phase of expression in parentheses):
SAGA OX phase - RPL38 (OX), MID2 (OX), RPS25B (OX), RPP0 (OX), FKS1 (OX),
RPL26A (OX), ILV5 (OX); SAGA RC phase - TMA10 (RC), KAP95 (OX), DIC1 (RC),
TAL1 (N/A), ILV5 (OX). The temporal expression profiles of these genes across the YMC
were highly consistent with these ChIP-seq data (Figure S4). Note that H3K9ac peaks are
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much more frequent and significant in OX phase compared to RC phase. Many SAGA
binding sites in OX phase corresponded directly to significant regions of H3K9 acetylation,
while many SAGA binding sites in RC phase did not.
(B) YMC phase distribution of genes occupied by H3K9 acetylation or SAGA in either early
OX or RC phase. Many more genomic regions of H3K9 acetylation were present in OX
phase (n=942) compared to RC phase (n=161) at the same level of statistical significance.
H3K9 acetylation was present almost exclusively at OX phase growth genes, specifically
during OX phase (p-value < 9.8 × 10−140). As determined previously by microarray
analysis, there are ~1,016 OX, 975 RB, and 1,508 RC phase genes in the YMC (Tu et al.,
2005).
(C) Functional categories of genes occupied by H3K9 acetylation or SAGA as determined
by MIPS (Munich Information Center for Protein Sequences) functional classification. The
genes called by each ChIP-seq experiment were used to identify overrepresented gene
functions (the top 100 genes are listed in Tables S1–S4). Note that genes involved in
ribosome biogenesis were found to be the most significant group of H3K9ac and SAGA
targets. Genes involved in translation, amino acid metabolism, and rRNA processing which
are also critical for growth, are also highly overrepresented.
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Figure 6. Deletion Mutants of the Acetylated SAGA Components Result in Slow Growth,
Reduced H3 Acetylation and Abnormal Metabolic Cycles
(A) Serial dilutions of the indicated strains were grown on SD minimal media at 30°C.
(B) Composition of the SAGA complex in WT, ada3Δ or sgf73Δ strains.
(C) YMC traces of the indicated strains. Note that the ada3Δ or sgf73Δ mutants experience a
long delay (>10 h) before they start cycling.
(D) ada3Δ and sgf73Δ strains have significantly reduced H3K9 acetylation at OX, RB phase
time points compared to WT. Note that ada3Δ exhibited a shorter OX phase compared to
WT, while sgf73Δ exhibited an abnormal RB phase during which cells exhibit a second
burst of oxygen consumption.
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Figure 7. Acetyl-CoA-induced Histone Acetylation and Growth Gene Expression are Driven by
Gcn5p and SAGA
(A) Acetate was added to WT or gcn5Δ cells during continuous growth to provide a burst of
acetyl-CoA. Samples were harvested at the 5 indicated time points (2 min before, and 2 min,
5 min, 10 min, 20 min after acetate dosing).
(B) H3K9 acetylation as well as H4 acetylation increase in response to acetate addition in
WT cells but not in gcn5Δ cells.
(C) 13C acetate is converted to 13C acetyl-CoA and stimulates 12C acetyl-CoA production in
both WT and gcn5Δ cells.
(D) gcn5Δ cells exhibit much slower induction of growth genes in response to acetate
addition. Transcript levels of representative genes highly expressed in the OX growth phase
(RPS1B, RPL33B, SHM2) or RC quiescent-like phase (ARO9) were measured by real-time
PCR and normalized against actin (ACT1) transcript levels. Note that despite the defect in
growth gene induction, transcript levels of the RC phase gene ARO9 still decreased with
similar kinetics in the gcn5Δ mutant. Error bars denote standard deviation for triplicate
experiments.
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