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How transcription programs rapidly adjust to changingmetabolic and cellular cues remains poorly defined. Here, we
reveal a function for the Yaf9 component of the SWR1-C and NuA4 chromatin regulatory complexes inmaintaining
timely transcription of metabolic genes across the yeast metabolic cycle (YMC). By reading histone acetylation
during the oxidative and respiratory phase of the YMC, Yaf9 recruits SWR1-C and NuA4 complexes to deposit
H2A.Z and acetylate H4, respectively. Increased H2A.Z and H4 acetylation during the oxidative phase promotes
transcriptional initiation and chromatin machinery occupancy and is associated with reduced RNA polymerase II
levels at genes—a pattern reversed during transition from oxidative to reductivemetabolism. Prevention of Yaf9-H3
acetyl reading disrupted this pattern of transcriptional and chromatin regulator recruitment and impaired the timely
transcription of metabolic genes. Together, these findings reveal that Yaf9 contributes to a dynamic chromatin and
transcription initiation factor signature that is necessary for the proper regulation of metabolic gene transcription
during the YMC. They also suggest that unique regulatory mechanisms of transcription exist at distinct metabolic
states.
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Histone post-translational modifications (PTMs), chro-
matin remodeling enzymes, and histone variants have
crucial functions in DNA-templated processes, such as
gene transcription, DNA repair, and DNA replication
(Strahl andAllis 2000; Talbert andHenikoff 2021). In large
part, distinct epigenetic landscapes are established and
maintained by enzymes and/or protein complexes that in-
stall, remove, and/or read histone PTMs and histone var-
iants (Gardner et al. 2011; Henikoff and Smith 2015).
How these landscapes become generated and contribute
to the DNA-templated processes they regulate are still in-
completely understood.

Although the regulatorymechanisms that contribute to
chromatin regulation are yet to be fully explained, recent
advances have greatly expanded our understanding of the
range of histonemodifications and the types of protein do-
mains that read them (Rothbart and Strahl 2014; Li et al.
2017). For example, the YEATS domain is a newly recog-
nized reader module that associates with histone lysine
acetylation and other forms of acylation (e.g., lysine croto-

nylation) (Andrews et al. 2016a; Li et al. 2017; Zhao et al.
2017). Some YEATS domain-containing proteins prefer to
bind to histone crotonylation (e.g., Taf14 in yeast andAF9,
ENL and YEATS2 in humans), whereas other YEATS pro-
teins such as that found in GAS41 do not greatly distin-
guish lysine acetylation from crotonylation (Andrews
et al. 2016b; Li et al. 2016; Zhang et al. 2016; Zhao et al.
2016).

Long-standing evidence points to a positive function for
histone acetylation in promoting gene activity (Allfrey
et al. 1964; Verdin and Ott 2015; Barnes et al. 2019); how-
ever, the function of histone crotonylation is less well es-
tablished. Studies withmammalian cells show how p300-
mediated crotonylation at H3K18 functions to recruit the
AF9 YEATS domain in the superelongation complex to
potentiate gene transcription (Sabari et al. 2015; Li et al.
2016). Conversely, studies with budding yeast show that
Taf14 binding of histone crotonylation at H3K9 is
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associated with the timely repression of progrowth genes
during a low-energy and reductive metabolic period in
which β-oxidation and longer acyl-CoAs such as cro-
tonyl-CoA are produced (Gowans et al. 2019). These
examples highlight the diverse ways histone crotonyla-
tion can function, which is likely context- and YEATS
domain-dependent.
Yaf9, a founding member of the YEATS domain family

(i.e., Yaf9, ENL,AF9, Taf14, and Sas5), is associatedwithin
two major catalytically conserved complexes that act on
chromatin; namely, the NuA4 acetyltransferase that tar-
gets histones H4, H2A, and H2A.Z, and the SWR1-C
ATP-dependent chromatin remodeling complex that de-
posits H2A.Z at gene promoters (Fig. 1A; Kobor et al.
2004; Mizuguchi et al. 2004; Zhang et al. 2004; Altaf
et al. 2010; Klein et al. 2018b). Yaf9 is important to the
function of both complexes and contributes to the tran-
scriptional regulation and in DNA repair activities of
NuA4 and SWR1-C (Schulze et al. 2010; Gerhold et al.
2015). The function of the YEATS domain in Yaf9 is less
understood, but studies show that it can interact with
H3K9ac and H3K27ac and contribute to the H2A.Z depo-
sition function of SWR1-C (Wang et al. 2009; Klein et al.
2018b). Consistent with what has been observed in
yeast, the human homolog of Yaf9, Gas41, has been found
to promote H2A.Z deposition and associate with
H3K14ac and H3K27ac on the promoters of active genes
to regulate stem cell identify and lung cancer cell growth
(Hsu et al. 2018a, b). Despite these advances, how the
YEATS domain of Yaf9 and Gas41 regulate the activities
of the complexes they are found in is still incompletely
understood.
The yeast metabolic cycle (YMC) is a powerful system

to examine how metabolic changes signal to chromatin
and lead to transcriptional changes (Klevecz et al. 2004;
Tu et al. 2005; Tu and McKnight 2007; Mellor 2016). Un-
der continuous and glucose-limiting growth conditions,
yeast becomes metabolically synchronized and oscillates
through cycles of oxidative metabolism (i.e., respiration)
known as the high oxygen consumption phase (HOC) fol-
lowed by periods of reductive metabolism known as the
low oxygen consumption phase (LOC) (Tu and McKnight
2007;Mellor 2016). This system closely resembles the nu-
trient-limiting conditions found in thewild and has direct
ties with circadian rhythm,which itself is underpinned by
metabolic processes (Tu and McKnight 2006). A key fea-
ture of cells that oscillate through the HOC phase is
high energy and acetyl-CoA production that fuel the
high energy needs of, e.g., ribosome and nucleic acid bio-
synthesis, progrowth activities that are initiated with
available glucose (Tu et al. 2007). Conversely, the LOC
phase is associated with cessation of oxygen consumption
and is a period marked by cell division, stress response,
β-oxidation, and autophagy (Tu et al. 2007). The HOC
and LOC phases can be further subdivided into additional
subphases based on gene expression and GO profiles (oxi-
dative phase [OX], reductive building [RB] phase, and re-
ductive charging [RC] phase) (Tu et al. 2005; Mellor
2016). Significantly, the LOC phase of the YMC is the pe-
riod in which long-chain fatty acids are metabolized into

additional acyl-CoA that includes crotonyl-CoA that pro-
vides the cofactor for histone crotonylation (Hiltunen
et al. 2003; Mellor 2016; Gowans et al. 2019). We showed
that, although histone acetylation is associated with the
HOC phase of the YMC, histone crotonylation occurs in
the LOC phase and, by the action of Taf14, is responsible
for the repression of progrowth genes as cells transition
from the HOC to the LOC stages (Gowans et al. 2019). Al-
though we also found that the YEATS domain of Taf14
mediates the timely repression of progrowth genes, we
did not know whether other YEATS domain-containing
proteins in yeast also contribute to metabolic gene
regulation.
In this report, we describe an important function of Yaf9

in metabolic gene regulation and control of the YMC. We
show that Yaf9 is essential for the formation of YMC,
and loss of its H3-acetyl interaction results in defects in
the timing of the YMC and proper expression of metabolic
genes. Mechanistically, we found that the YEATS domain
of Yaf9 contributes to the recruitment of its associated
complexes, SWR1-C and NuA4, to enable the deposition
of H2A.Z and H4 acetylation during the oxidative phase
of the YMC. Recruitment of SWR1-C and NuA4 to genes
occurred globally with additional transcriptional initiation
and chromatin factors, and this signature was associated
with relatively low RNA polymerase II (Pol II) levels. Sur-
prisingly, the loss of histone acetylation normally observed
during transition into the LOC phase was further associat-
edwith globally low levels of SWR1-C andNuA4 and other
initiation machinery but higher levels Pol II, a pattern that
was largely the reverse of the HOC pattern. We posit that,
during metabolic cycling, different energy requirements
and nutrient availabilities fuel distinct patterns of chroma-
tin modifications and transcriptional initiation machinery
recruitment to genes that control how the distinct tran-
scription programs found at these different metabolic
states (e.g., HOC vs. LOC) are regulated.

Results

Yaf9 and its YEATS domain are crucial for proper
progression of the yeast metabolic cycle

Yaf9 is a component of the NuA4 and SWR1-C chromatin
regulatory complexes that install H2A andH4N-terminal
tail acetylation and incorporate H2A.Z, respectively (Fig.
1A,B). Yaf9 contains an evolutionarily conserved YEATS
domain, and, although studies illustrate the ability of
the Yaf9 YEATS domain to bind to histone acetylation,
less is known about binding of the YEATS domain to oth-
er forms of histone acylation. To further interrogate the
histone binding preferences of Yaf9, we purified a GST fu-
sion of full-length Yaf9 (GST-Yaf9) and performed a series
of solution-based peptide pull-down assays with histone
H3 peptides that contained distinct forms of H3K9 or
H3K27 acylation. In agreement with previous findings,
the YEATS domain of Yaf9 showed robust interaction
with H3 peptides that were acetylated at either H3K9
(H3K9ac) or H3K27 (H3K27ac) (Fig. 1C; Klein et al.
2018a). Intriguingly, the Yaf9 YEATS domain also
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interacted with crotonylated H3K9 and H3K27 (H3K9cr
and H3K27cr), albeit with efficiencies similar to or less
than binding to H3K9ac and H3K27ac. Other forms of his-
tone acylation at H3K9 and H3K27 (i.e., propionylation
[pr], butyrylation [bu], and β-hydroxyisobutyrylation
[β-hydro]) were tolerated less compared with acetylation
or crotonylation. These data reveal that Yaf9 can recog-
nize several major forms of histone acylation that normal-

ly partition to distinct phases of the yeast metabolic cycle
(YMC) (Gowans et al. 2019).

Studies of the function of a related YEATS-containing
protein, Taf14, revealed a critical function for the YEATS
domain in metabolic gene regulation and timely progres-
sion of the YMC. To assess a possible contribution of
Yaf9 and its YEATS domain to metabolic gene regulation
and the YMC, we generated yeast strains in the
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Figure 1. Yaf9 and its YEATS domain are crucial for proper YMC progression. (A) Schematic representations of the Yaf9-containing
SWR1-C and NuA4 complexes. (B) Schematic representation of Yaf9. (C ) Pull-down assays using histone H3 peptides and purified
GST-tagged Yaf9 with the indicated acylated or unacylated peptides (residues 1–15 and 15–34 of the H3 tail). The bar graph below repre-
sents the quantitation of the pull-downs inwhichYaf9 binding toH3K9ac orH3K27acwas normalized to 100% for comparisonwith other
acylation peptide interactions. Standard deviation of independent triplicates is shown. (D) Growth of serially diluted wild-type, yaf9W89A,
and yaf9Δ strains on media containing various genotoxic agents or glycerol. (E) YMC profile for wild type under 0.15% glucose. (F ) YMC
profile for yaf9W89A under 0.15% glucose. (G) YMC profile for yaf9Δ under 0.15% glucose. (H) Overlapped YMC profile of wild type (black
line) and yaf9W89A (blue line). The yaf9W89A strain shows an average elongated YMC of 30 min per cycle.
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prototrophic CEN.PK background that were either delet-
ed ofYAF9 (yaf9Δ) or had amutation in its YEATS domain
that abolished all histone acyl-lysine binding (yaf9W89A)
(Klein et al. 2018a). First, we confirmed that the strains
grew on a glycerol-containing medium (YPG plates),
which verified that the strains had intact mitochondria
for proper metabolic cycling (Fig. 1D). We also examined
the yaf9Δ and yaf9W89A mutant strains for additional
growth phenotypes. As shown in Figure 1D, the yaf9Δ
and yaf9W89A strains showed similar growth rates on yeast
extract–peptone–dextrose (YPD) medium at 30˚C; only
yaf9Δ cells showed slight temperature sensitivity at
37˚C on YPD plates. We next examined the yaf9Δ and
yaf9W89A mutant strains for growth on media containing
a variety of genotoxic agents that report on defects in
DNA replication (hydroxyurea [HU]), DNA damage repair
(phleomycin and methanesulfonate [MMS]), nutrient sig-
naling (caffeine), and transcription (6-azauracil). These ex-
periments revealed that the complete absence of Yaf9
caused mild to severe growth defects on all the genotoxic
agents tested. However, unlike the complete absence of
Yaf9, mutations in its YEATS domain that blocked his-
tone interaction caused growth phenotypes only onmedia
containingDNA-damaging agents (Fig. 1D). These studies
reinforced the important function of Yaf9 in many DNA-
templated processes. The results also revealed a signifi-
cant function for the Yaf9 YEATS domain in DNA repair.
The phenotypic assays described above, and previous

studies of Yaf9, were performed in nutrient-rich condi-
tions that can hide important functions for proteins and
domains, such as the YEATS domain, that contribute to
metabolic gene regulation. To assess a function of Yaf9
and its YEATS domain in metabolic-associated events,
we used a continuous culture system wherein yeast cells
were synchronized at the metabolic level and cycled
through periods of high oxygen consumption (HOC) and
low oxygen consumption (LOC) when grown under limit-
ing glucose concentration (Klevecz et al. 2004; Tu et al.
2005). As shown in Figure 1E, the wild-type CEN.PK cells
exhibited a typical metabolic cycle with an average cycle
time of ∼4 h. In stark contrast, the yaf9Δ strain failed to
cycle under the same conditions, which indicated an es-
sential requirement for Yaf9 in proper progression of the
YMC (Fig. 1F). Intriguingly, the histone-blocking muta-
tion of Yaf9 (yaf9W89A) resulted in an alteredmetabolic cy-
cle that was ∼30 min longer than the matched wild-type
strain (Fig. 1F,H). These findings indicated an important
function for Yaf9 and histone acylation binding in meta-
bolic cycling in a nutrient-limited environment.

H2a.Z and H4 acetylation oscillate across the YMC, and
their levels are regulated by Yaf9-H3 acyl reading

Because of the altered YMC timing observed for the
yaf9W89A mutant strain, we next asked whether the pre-
vention of Yaf9 association with histone acylation might
affect the downstream activities of NuA4 and Swr1 that
incorporate H4 N-terminal tail acetylation (H4ac) and/or
H2A.Z, respectively. We collected wild-type or yaf9W89A

mutant cells at multiple time points across the YMC

(Fig. 2A) and interrogated them for global levels of H4ac,
H2A.Z, and other histone PTMs known to be regulated
across the YMC (e.g., H3K9cr and H4K16ac). Samples
were matched carefully so that all comparisons between
the wild-type and yaf9W89A strains were performed at
identical locations during their HOC and LOC phases (de-
picted as time points 1–9). In addition, we also confirmed
the specificity of our H2A.Z and H4ac antibodies (Supple-
mental Fig. S1A). As shown in Figure 2B, the general levels
of core histones (H2A, H3, and H4) and a control cytosolic
protein, glucose-6-phosphate dehydrogenase (G6PDH),
did not change across the YMC in either the wild-type
or yaf9W89A mutant cells. As expected, the occurrence of
H3K9ac, H4K16, and H4ac was highest in the HOC phase
(time points 2–5) and decreased during the LOC phase of
the YMC when H3K9cr levels peak (time points 6–9) in
wild-type cells. Surprisingly, we also observed that the
global incorporation of H2A.Z also cycled across the
YMC, with the highest levels occurring during the HOC
phase. We note that H2A.Z metabolic cycling and ge-
nome-wide global shifts in a histone variant such as
H2A.Z have not been reported; however, such increases
of H2A.Z at the HOC phase would be consistent with
the observation of high levels of histone acetylation dur-
ing the HOC phase that could recruit and/or stimulate
Swr1 to increase H2A.Z deposition (Kobor et al. 2004;
Zhang et al. 2004). Finally, analysis of the histone and his-
tone PTM patterns from yaf9W89A cells revealed that they
were largely the same as observed inwild-type cells, albeit
the levels of H4ac and H2A.Z appeared to be reduced.
Because of the apparent overall reduction of H4ac and

H2A.Z levels in yaf9W89A cells, we next performed a
side-by-side immunoblot comparison of the wild-type
and yaf9W89A strains at three time points that represented
either the transition point between the LOC and HOC
phase (time point 1) or the peaks of the HOCor LOC phas-
es (time points 2 and 3, respectively) (Fig. 2C). As shown in
Figure 2D, and further quantified in Figure 2, E and F, the
global levels of H2A.Z and H4ac were significantly re-
duced in the yaf9W89A strain, whereas other histones and
Pol II levels were unaffected. These findings demonstrated
that Yaf9-H3 acyl reading was important for proper depo-
sition of H2A.Z and H4ac across the YMC, which implied
an important function for the Yaf9 YEATS domain in
NuA4 and Swr1 activity.

The YEATS domain of Yaf9 is required for precise
metabolic gene transcription

Because the Yaf9 YEATS domain was required for proper
YMC timing and for the maintenance of H2A.Z and H4
acetylation levels in chromatin, we next asked how the
absence of Yaf9-H3 acyl reading affected metabolic and
global gene transcription. We performed RNA-seq for
our wild-type and yaf9W89A cells across three consecutive
YMCs (Fig. 3A,B). Five time points within each cyclewere
collected and selected to represent the transition into the
HOC phase (time points 1 and 2), the transition into
the LOC phase (time points 3 and 4), and transition into
the quiescent-like LOC phase (time point 5). Principal
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component analysis (PCA) of the results showed close cor-
relation between the triplicates across all time points ex-
cept for a possible outlier in time point 4 (Fig. 3C). The
PCA plot also revealed strong similarity between the
wild-type and yaf9W89A samples at time points 1, 2, and
5. However, time points 3 and 4 (transition into the
LOC) showed a more distanced relationship between the
wild type and yaf9W89A mutant, which suggested that
greater differences in transcriptional regulation occur at
time points 3 and 4.

Further examination of the RNA-seq data from the list
of differentially expressed (SDE) genes revealed that time
point 3 (LOC phase) had the greatest changes in gene ex-
pression between the wild-type and yaf9W89A mutant
cells, with twice as many down-regulated genes (n =
1505) and up-regulated genes (n = 1467) in the yaf9W89A

mutant as compared with other time points (Figu. 3D,F).
Among the top SDE genes in time point 3, we observed
up-regulation of genes that are involved in oxidative and

progrowth pathways, including ribosome andmacromole-
cule biosynthesis, and down-regulation of genes that are
involved in reductive pathways, such as oxidation reduc-
tion process and oxidoreductase activity (Fig. 3E). These
findings suggested that, in the yaf9W89A mutant, pro-
growth/HOC-regulated genes were not properly down-
regulated during the transition into LOC phase and that
the normal expression of LOC genes was attenuated dur-
ing this phase.

To further understand how the yaf9W89A mutation af-
fected HOC and LOC gene expression, we selected from
the RNA-seq data a subset of genes found to be dysregu-
lated in time point 3 andmeasured their expression across
the YMC by quantitative reverse transcriptase (RT)-
qPCR. As shown in Figure 4A, two representative HOC-
phase genes,CLN3 andRPL18B, showed partially reduced
transcription in the yaf9W89A mutant compared with wild
type at time points 1 and 2. Consistent with the RNA-seq
data of these genes, the mRNA levels of CLN3 and
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Figure 2. H2A.Z and H4 acetylation oscil-
late across the YMC and their levels are regu-
lated by Yaf9-H3 acyl reading. (A) Nine YMC
samples from wild-type and yaf9W89A strains
were collected to cover one complete YMC.
The collection times are indicated on the
YMC profiles. A segment of a complete
YMC experiment of each strain is shown to
demonstrate the collection strategy and the
distance between samples. (B) Immunoblots
of wild-type and yaf9W89AYMCwhole-cell ly-
sates with the indicated antibodies. (ac) Acet-
ylation, (cr) crotonylation. Histones H2A, H3,
H4, and G6PDH are loading controls. (C )
Overlapped wild-type (black line) and
yaf9W89A (blue line) YMC profiles show the
collection strategy for comparing three dis-
tinct time points between the strains. Time
point 1 represents a transition point between
the LOC phase and HOC phase, whereas
time points 2 and 3 represent the peaks of
the HOC and LOC phases. (D) Immunoblots
of wild-type and yaf9W89AYMCwhole-cell ly-
sates to compare the time points collected in
C. Corresponding time point samples of each
strain were loaded next to each other. His-
tones H2A and H3 are loading controls. The
blots presented are one of three independent
experiments. (E) Bar graph showing quantifi-
cation of H2A.Z levels compared with H2A
control within the same time point of both
strains. Error bars show standard deviation
of three independent experiments (P<0.005).
(F ) Bar graph showing quantification of H4ac
levels compared with H2A control within
the same time points for both strains. Error
bars show standard deviation of three inde-
pendent experiments (P<0.005).
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RPL18B observed at time point 2 largely persisted into the
LOC phase (time point 3) instead of being down-regulated
as occurs in wild-type cells (Fig. 4A). In contrast to the
HOCgenes, a LOC gene,MRPL10, showed decreased tran-
scription in the yaf9W89A mutant compared with wild-
type cells at most time points across the YMC, and, nota-

bly,MRPL10was less expressed in the LOC phase, consis-
tent with the RNA-seq data (Figs. 3, 4B). The findings that
HOC genes maintained expression in the LOC phase and
that LOC genes were not properly expressed were recapit-
ulated for additional HOC genes (RPS5, RPL4B, and
RPL8B), and LOC genes (PYC1, SSC1, and TDH2) that
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Figure 3. The YEATS domain of Yaf9 is required for precise metabolic gene transcription. (A,B) YMC traces corresponding to samples
collected fromwild-type and yaf9W89A strains for RNA-seq analysis. Biological triplicates of each YMC sample were collected from three
consecutive cycles. Time point 3, which showed the greatest defect in gene expression from the analyses, is highlighted in green back-
ground on both YMC traces. (C ) Principal component analysis of RNA-seq samples. Biological triplicates are shown for each time point.
Each time point is indicated by one color.Wild-type samples are represented by circles, and yaf9W89A samples are represented by triangles.
(D) Box plot of log2 fold change of SDE genes showing highest polar distribution on time point 3. Time point 3 is highlighted in green back-
ground. (E) DAVID functional annotation enrichment analysis of SDE genes at time point 3. Enrichment is shown as −log10 P-value. (F )
Volcano plots showing differences in gene expression between wild type and yaf9W89A. Log2 fold expression change (X-axis) and −log10 P-
value significance (Y-axis) displays up-regulated (UP) and down-regulated (DOWN) genes in yaf9W89A. Up-regulated genes are represented
in red, down-regulated genes are represented in blue, and unchanged genes (NO) are represented in black. Time point 3 is highlighted in
green background.
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were measured by RNA-seq (Supplemental Fig. S2). Final-
ly, several noncycling (NC) genes identified from our
RNA-seq data were largely unaffected throughout the
YMC in yaf9W89A mutant cells (Supplemental Fig. S2).

The results of our RNA-seq analysis so far prompted us
to next determine whether the transcription defects we
observed in a subset of metabolic genes in the yaf9W89A

mutant occurred more broadly for other metabolically
regulated and NC genes. Out of 4121 genes that showed
measurable signals, we performed an unsupervised hierar-
chical clustering that resulted in four clusters based on
their transcription profiles across the five time points
(Fig. 4C,D). Cluster 1 genes (n= 82) were exclusively
HOC-regulated (96%), whereas clusters 3 (n= 833) and 4
(n= 104) were almost exclusively LOC-regulated genes
(85% and 90%, respectively). The largest group, cluster
2, contained a mixture of HOC-regulated genes (n =
1086, 35% of this cluster), LOC genes (n = 910, 29% of
this cluster), and the rest (n= 1030) nonmetabolically reg-
ulated genes (Supplemental Table S1). Consistent with
our RT-qPCR analyses, HOC-regulated genes in clusters
1 and 2 showed persistent transcription at time point 3
in the yaf9W89A cells. In contrast, all the LOC-regulated
genes in clusters 3 and 4 exhibited decreased transcription
during the LOC phase, which was more pronounced at

time point 3 and was consistent with our box plot analy-
ses (Figs. 3D, 4C). The line plots in Figure 4D show the av-
erage mRNA signals in wild-type or yaf9W89A mutant
cells for each cluster across the YMC. These findings re-
vealed two important observations about how the absence
of Yaf9-H3 acyl reading affects metabolic gene expression.
First, the normal restriction of progrowth gene expression
to the HOC phase was partially lost because HOC genes
maintained their expression in the LOC phase. Second,
the normal induction of genes in the LOC phase was
attenuated.

Yaf9-H3 acyl reading is required for proper deposition of
H2A.Z and H4 acetylation at genes

To further understand how Yaf9-H3 acyl reading contrib-
utes to gene transcription, we performed chromatin im-
munoprecipitation (ChIP) assays coupled with
quantitative PCR (ChIP-qPCR) on a subset of genes to
determinewhether the absence of Yaf9-H3 acyl reading af-
fected the occupancies of H2A.Z and/or H4 acetylation.
Time points from the YMC used for the ChIP-qPCR as-
says were the same as those used in the prior RNA-seq ex-
periments (Fig. 3A,B). For this analysis, we selected
RPL4B as a representative HOC gene, SSC1 as a

BA

C D

Figure 4. IndividualRT-qPCRexperiments
coincide with the RNA-seq data. (A,B) Tran-
scription patterns of twoHOCgenes andone
LOC gene across the YMC are plotted using
RNA-seq data for wild type and yaf9W89A.
RT-qPCR analysis of the same genes in
wild-type and yaf9W89A YMC samples per-
formed with targeted primers. RT-qPCR
transcriptionpatterns areplotted to compare
with theRNA-seqgraphs.The standarddevi-
ation of a representative experiment is
shown. A total of three biological experi-
mentswas performed, eachofwhich showed
similar findings. Actin was used as the stan-
dard for signal normalization. (HOC) High
oxygen consumption, (LOC) low oxygen
consumption. (C ) Unsupervisedhierarchical
cluster analysis of RNA-seq gene transcrip-
tion (n=4121)basedon log2(FPKM+1) show-
ing four clusters. The clusters are shown in
separate heat maps. Bars above heat maps
show metabolic phase and time points col-
lected in the phase. Color scale is shown be-
low the heat maps. (D) Line plots showing
the transcription trends of four gene clusters
from hierarchical clustering. There are 4121
SDE genes, and the number of genes in each
cluster is indicated. Wild-type transcription
trends are represented by red solid lines,
and yaf9W89A transcription trends are repre-
sented by blue solid lines. The transcription
trends represented by the solid lines are the
median centroids of each cluster. The tran-
scription range of clustered genes is repre-
sented by shaded area (red for wild type,
and blue for yaf9W89A).
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representative LOC gene, and FBA1 as a control NC gene
whose transcription level was largely unaffected in the
yaf9W89A mutant (Fig. 5A; Supplemental Fig. S3). H2A.Z
and H4ac occupancy levels were examined at the −1 nu-
cleosome, +1 nucleosome, and 3′ end of these genes (+1
nucleosome results shown in Figure 5B; the full data set
is shown in Supplemental Fig. S3). In agreement with
the global changes observed with H2A.Z and H4ac in
bulk chromatin, the levels of H2A.Z and H4ac at all genes
examined also oscillated across the YMC in wild-type
cells, with levels being highest during the HOC phase
(Fig. 5B). In contrast to wild-type cells, the occupancies
of H2A.Z and H4ac decreased significantly in the
yaf9W89Amutant at all time points examined (Fig. 5B; Sup-
plemental Fig. S3). Importantly, H4ac changes were not
due to changes in overall nucleosome levels, as H3 occu-
pancy did not significantly fluctuate across the YMC or
in the yaf9W89A mutant (Supplemental Fig. S4).
We next measured the occupancy of Pol II at the same

genes described above to determine the effect of Yaf9-H3
acyl reading on Pol II occupancy levels. Strikingly, Pol II
occupancy oscillated across the YMC at all genes exam-
ined in wild-type cells, with Pol II levels being lowest at
the HOC phase and highest at the LOC phase (Fig. 5C;
Supplemental Figs. S5, S6). To our knowledge, it has not
been reported that Pol II levels are influenced by metabol-
ic state and are anticorrelated with H2A.Z and histone
acetylation levels over the YMC, although our findings
are consistent with reports of antagonism between
H2A.Z and Pol II during transcription (Weber et al. 2014;
Tramantano et al. 2016; Ranjan et al. 2020). These find-
ings also agree with other work showing that the nucleo-
some-free regions of genes are in competition between
Swr1 and initiation factors for transcription (Ranjan

et al. 2013; Yen et al. 2013). Pol II occupancy in the
yaf9W89A mutant had a cycling pattern similar to Pol II
in wild-types cells, albeit with reduced levels at the NC
FBA1 gene during the peak of Pol II levels in the LOC
phase.

Histone binding by Yaf9 is required for SWR1-C and
NuA4 chromatin recruitment

The totality of transcription and global H2A.Z/H4ac de-
fects observed in the yaf9W89A strain prompted us to ask
how Yaf9-H3 acyl binding contributes to the chromatin-
based functions defective in yaf9W89A. We reasoned that
either Yaf9-H3 acyl binding was required for proper re-
cruitment of the SWR1-C and NuA4 complexes to chro-
matin or that these complexes were already on
chromatin and that Yaf9 H3-acyl binding stimulates their
enzymatic activities. To test these possibilities, we per-
formed chromatin association assays across three YMC
time points that covered different locations across the
HOC and LOC phases (tp1 =LOC-to-HOC transition,
tp2 =HOC, and tp3 =LOC) (these being the same time
points shown in Fig. 2C). Consistent with the immuno-
blotting analyses of whole-cell lysates (Fig. 2D), the chro-
matin levels of H2A.Z and H4ac were significantly
reduced at all times points in the yaf9W89A strain com-
pared with wild type (Fig. 6A). However, the soluble frac-
tion (nucleoplasm and cytoplasm) did not contain any
detectable H2A.Z or H4ac (Fig. 6A). As controls, we
probed for H2A and H3 to monitor the chromatin fraction
and G6PDH to monitor the soluble fraction. In all time
points, and between strains, the levels of histones and
G6PDH were unchanged (Fig. 6B). Intriguingly, the chro-
matin-bound form of Yaf9 was largely absent in the

B

A

C

Figure 5. Yaf9-H3 acyl reading is required
for proper deposition of H2A.Z and H4 acety-
lation at genes. (A) Schematic of the locations
of +1 nucleosome primers on the RPL4B,
SSC1, and FBA1 genes. Each gene was select-
ed as a representative of its metabolic gene
category. (B) ChIP-qPCR analysis of H2A.Z
andH4ac occupancies of YMC samples on se-
lected genes showing decreased occupancies
of H2A.Z and H4ac on +1 nucleosome loci
of genes in yaf9W89A but specifically at time
point 2. The YMC sample collection strategy
is same as that in Figure 3, A and B. (C ) ChIP-
qPCR analysis of RNA polymerase II (Pol II)
occupancy showing an opposite enrichment
trend compared with H2A.Z occupancy.
Standard deviation of a representative exper-
iment is shown. Three biological experi-
ments were performed, each of which
showed similar findings. In addition to the
+1 nucleosome results shown here, addition-
al gene locations (−1 nucleosome and the 3′

end) and additional examples of others genes
examined are shown in Supplemental Figures
S3, S5, and S6. YMC sample collection strat-
egy is same as that in Figure 3, A and B.
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Yaf9-H3 acyl-blocking mutant and relocated to the solu-
ble fraction (Fig. 6A). Thus, the H3 acyl binding function
of Yaf9 is important for its recruitment to chromatin.

Because Yaf9’s association with chromatin was depen-
dent on its H3 acyl reading activity, we next asked wheth-
er absence of Yaf9-H3 acyl reading also influences the
chromatin-association of the SWR1-C and/or NuA4 com-
plexes that contain Yaf9. Using antibodies that specifi-
cally target members of the SWR1-C and NuA4
complexes (Swr1 and Eaf1, respectively) (Auger et al.
2008; Wu et al. 2009), we examined the levels of these
complexes in our chromatin association assays as de-
scribed in Figure 6A. Strikingly, although the total
amounts of Swr1 and Eaf1 did not differ significantly
across the three YMC time points, their chromatin levels
did differ. Specifically, Eaf1 and Swr1 chromatin levels
were highest in the HOC phase (tp2) and lowest in the
LOC phase (tp3) (Fig. 6A). These association patterns
also followed the cyclic patterns observed with histone
acetylation across the YMC (Fig. 2C). In contrast to the

wild-type situation, the chromatin levels of Swr1 and
Eaf1 in the yaf9W89A samples were greatly reduced at all
time points; instead, they had quantitatively relocated
to the soluble fractions (Fig. 6C). Consistent with these
findings, we also determined that NuA4 and SWR1-C oc-
cupancy at a number of genes tested (as monitored by the
examination of Eaf1 and HA-tagged Swr1 by ChIP-qPCR)
correlatedwell with the level of these complexes found on
bulk chromatin across the YMC and in the yaf9W89A mu-
tant (Supplemental Fig. S7). Finally, we note that the total
amount of Eaf1 in the yaf9W89A samples was significantly
lower compared with wild type, which explained the low-
er levels of Eaf1 in the chromatin and soluble fractions of
yaf9W89A. Figure 6E shows the quantified chromatin lev-
els of Yaf9, Eaf1, and Swr1 from these experiments.

Our study of the function of Yaf9’s YEATS domain also
revealed a surprising observation. Although the Yaf9
YEATS domain was important to the recruitment of
SWR1-C and NuA4 under nutrient-limiting conditions,
the yaf9W89A mutant, in addition to the complete absence

E

BA C

D

Figure 6. Histone binding by Yaf9 is re-
quired for SWR1-C and NuA4 chromatin re-
cruitment. (A–D) Immunoblots of
chromatin and soluble fractions from chro-
matin association assays. Total fractions
were used as inputs. Levels of chromatin-
bound Yaf9, H2A.Z, H4ac, Eaf1, Swr1, Bdf1/
Bdf2, Sua7, Med11, Taf3, Taf4, Taf12, and
Taf14 in wild-type and yaf9W89A YMC sam-
ples are shown in the chromatin fraction
blots. Histones H2A, H3, and G6PDH are
loading controls. The YMC sample collec-
tion strategy of the three time points is con-
sistent with that in Figure 2C. Time point 1
from the wild-type and yaf9W89A YMC sam-
ples represents a transition point between
the LOC phase and HOC phase, whereas
time points 2 and 3 represent the peaks of
the HOC and LOC phases. These time points
are equivalent to those shown in Figure 2C.
(E) Bar graphs showing quantitation of chro-
matin-bound Yaf9, Eaf1, Swr1, Taf12, Taf4,
Med11, Sua7, and Bdf1/Bdf2 levels compared
with their corresponding total fraction coun-
terparts. Wild-type normalized chromatin-
bound protein levels are indicated by red
lines, and yaf9W89A normalized chromatin-
bound protein levels are indicated by blue
lines. Error bars show standard deviation of
three independent experiments (P<0.005).
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of Yaf9, had no impact onH2A.Z or H4ac levels in the pro-
totrophic strain grown in nutrient-rich (YPD) conditions
(Supplemental Fig. S1A,B). Thus, under optimal growth
conditions, Yaf9 is dispensable for the functions of
SWR1-C and NuA4; its function was revealed only under
more naturally occurring and nutrient-limiting growth
conditions, as occurs in the wild.
The requirement of Yaf9’s H3 acyl reading activity for

the global recruitment of NuA4 and SWR1-C to chroma-
tin prompted us to assess whether other aspects of the
transcriptional apparatus were affected during YMC
growth of the Yaf9 YEATS domain mutant. To test this
possibility, wemeasured the levels of representative tran-
scription initiation factors including members of the
TFIID and SAGA complex (Taf3, Taf4, and Taf12), the
TFIIB complex (Sua7), the mediator complex (Med11),
and BET familymembers (Bdf1/Bdf2) that occur in the pre-
initiation complex (PIC) and in SWR1-C (Fig. 6C,D). In-
triguingly, all the aforementioned initiation factors were
localized to chromatin across all of the time points in
the YMC, with their associations being highest in the
HOC phase (i.e., time point 2). We also attempted to ex-
amine Pol II levels in these assays; however, the assay re-
sulted in an unexpected loss of Pol II protein during
sample processing that precluded its global examination
(Supplemental Fig. S8). In contrast to the wild-type situa-
tion, the absence of Yaf9’s H3 acyl interaction resulted in
a global decrease in all of the initiation factors tested. The
decrease was most notable for Brd1/Brd2 (see Fig. 6E for
quantification of chromatin levels for several of these ini-
tiation factors).
Taken together, these findings emphasize the impor-

tant function of Yaf9 and its histone reading activity in
the timely recruitment and stability of transcription initi-
ation factors and chromatinmodifiers on genes during the
YMC. During oxidativemetabolism in which glucose lev-
els are high, Yaf9 and its H3 reading contribute to the
timely recruitment of the SWR1-C and NuA4 complexes
that then establish a chromatin H2A.Z and histone acety-
lation signature—a signature that then reinforces further
recruitment of bromodomain-containing initiation ma-
chinery for gene transcription.

Discussion

The YEATS domain has become recognized as a critical
regulator of metabolic- and chromatin-based gene tran-
scription events (Schulze et al. 2009; Li et al. 2017; Gow-
ans et al. 2019). Intriguingly, although some YEATS
domains prefer histone crotonylation (e.g., Taf14), others,
such as the YEATS domain of Yaf9, bind histone acetyla-
tion and crotonylation equally (Fig. 1C). This expanded
acyl selectivity may explain why, unlike Taf14, Yaf9 ap-
pears to function largely during the respiration (HOC)
phase when acetyl-CoA and histone acetylation levels
are highest. We also found that, during respiration, Yaf9-
H3 acetyl reading mediates recruitment of its associated
complexes (SWR1-C and NuA4) to install H2A.Z and H4
acetylation. The high levels of histone acetylation in the

HOCphase likely act to further recruit transcriptional ini-
tiation and chromatin regulatory machinery to genes by
the acetylation-driven recruitment of bromodomain-con-
taining factors that exist in initiation and chromatin ma-
chinery. Coincident with this acetylation-dependent
chromatin signature, Pol II levels were anticorrelated
and decreased at genes—a finding that agreed with other
reports of an antagonistic relationship between Pol II
and H2A.Z, as well as other chromatin regulators, that
compete with Pol II for binding to the nucleosome-free re-
gions of genes (Yen et al. 2013; Weber et al. 2014; Traman-
tano et al. 2016; Ranjan et al. 2020). As yeast cycle out of
the HOC phase and into the LOC phase, the pattern of
chromatin and initiation factor recruitment is reversed,
with Pol II levels becoming higher at genes. Thus, our
study unveils an intriguing metabolic cycling of both his-
tone PTMs and factors to genes that is dependent on the
functions of Yaf9.

Different chromatin and transcription factor states for
different metabolic situations

The distinct chromatin and factor recruitment states that
exist at different phases of the YMC are an intriguing find-
ing of this study. Other investigators have reported the cy-
clic nature of histone acetylation across the YMC on
genes and globally on chromatin (Cai et al. 2011; Mellor
2016); however, our findings extend those observations
to the recruitment of transcription and chromatin ma-
chinery that also associates with acetylated histones.
Thus, our findings reveal that distinct chromatin- and fac-
tor-bound states are established at distinct metabolic
states. A puzzling question then is why Pol II occupancy
is low during the oxidative phase at a time when histone
acetylation and factor recruitment is high, and why low
Pol II occupancy is reversed in the reductive phase of the
metabolic cycle. Perhaps one explanation for this phe-
nomenon is that the high levels of preinitiation machin-
ery increased on chromatin during the oxidative phase
facilitates rapid reinitiation of Pol II to help achieve the
high levels of transcription needed for transcription of ri-
bosomal genes and other progrowth genes. However,
this explanation might be considered at odds with find-
ings of low Pol II levels during this phase (compared
with that observed during the reductive phase) (see Fig.
5C; Supplemental Fig. S3D). The reduced occupancy of
Pol II in the oxidative phase is likely a consequence of hav-
ing high levels of H2A.Z, which has been shown to be
anticorrelated with Pol II (Tramantano et al. 2016; Ranjan
et al. 2020). We speculate that lower levels of Pol II occu-
pancy coupled with high levels of H2A.Z may provide a
controlled step of pausing during each round of transcrip-
tion to ensure that the polymerase has successfully initi-
ated and entered productive elongation. Additionally,
the high H2A.Z levels may ensure proper directionality
and/or prevention of inappropriate antisense transcription
(Gu et al. 2015; Bagchi et al. 2020). Conversely, and during
the LOC phase when histone acetylation on chromatin
and initiation factors and H2A.Z levels are reduced, high-
er Pol II levels at this time may enable genes to overcome
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the lack of abundant preinitiation machinery that is less
abundant due to less histone acetylation. Thus, the cell
appears to have evolved ways to overcome major differ-
ences that exist within chromatin under vastly different
metabolic and cellular conditions to achieve precise and
productive transcription (Fig. 7). Further work is needed
to determine whether this model is correct.

Although our studies suggest that Yaf9 functions pri-
marily during the HOC phase, we note that the absence
of Yaf9-H3 acetyl reading still affects recruitment of
SWR1-C and NuA4 (and other initiation and chromatin
factors) in the LOC phase, albeit normally the levels re-
cruited during this phase are much lower compared with
the oxidative phase. We speculate that recruitment of
SWR1-C and NuA4 during the LOC phase, albeit at low
levels compared with the HOC phase, may be driven by
the presence of histone crotonylation that exists during
this phase (perhaps in combination with any remaining
histone acetylation that also exists during this time).

Finally, the chromatin and transcription signatures de-
scribed above that change across the YMC appear to oc-

cur globally for all genes transcribed in their respective
YMC phases. This condition raises the question of how
cells fine-tune and regulate the transcription of genes
in a cyclic manner at the correct time if the chromatin
and transcription signatures described here occur on all
genes when they are in a particular phase. We suggest
that while the chromatin and transcription initiation sig-
natures that are found at distinct YMC phases occur
broadly at genes, they do not take into account the ac-
tions of additional transcription factors that also contrib-
ute to metabolic gene transcription at each phase (both
positive and negative regulation). It is likely that the
transcription factors deployed at each distinct phase to
activate or repress transcription do so in the context of
the distinct chromatin contexts that occur in the HOC
and LOC phases.

Detailing Yaf9’s function: context matters

Unexpectedly, we found that the necessity of Yaf9 for
NuA4 and SWR1-C recruitment to chromatin was

Figure 7. Model for Yaf9-H3 acyl binding regulation of the precise timing and level of metabolic gene transcription. These studies define
a function for Yaf9 and its YEATS domain in chromatin and metabolic gene regulation. During respiration and oxidative metabolism, in
which levels of acetyl-CoA and histone acetylation are high (the high oxygen consumption phase [HOC]), we found that Yaf9, by its read-
ing of H3 acetylation, was required for the timely recruitment of SWR1-C and NuA4, which increase H4 acetylation and H2A.Z deposi-
tion. This phase is associated with high levels of histone acetylation-driven recruitment of bromodomain factors that include Brd1/Brd2
and other chromatin and preinitiationmachinery (e.g., TFIID). However, this phase also results in reduced Pol II levels at genes. In contrast
to the HOC phase, and as cells metabolically cycle into the reductive and low oxygen consumption phase (LOC), the production of acyl-
CoAs is increased (e.g., histone crotonylation [cr]), and overall histone acetylation levels are dramatically reduced. The absence of histone
acetylation results in reduced recruitment of Yaf9 and its associated complexes and is associated with increased occupancy of Pol II at
genes compared with occupancy in the HOC phase. The function of anticorelated levels of Pol II and H2A.Z/H4ac across the YMC is
not yet understood. Altogether, these findings reveal an unexpected cycling of chromatin and transcriptional initiation machinery at dis-
tinct metabolic states that likely underpins how cells precisely regulate transcription programs during nutrient flux.
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bypassed when yeast was grown in nutrient-rich condi-
tions (i.e., YPD). Consistent with this, the complete ab-
sence of Yaf9 did not have any effect on histone H4
acetylation level or H2A.Z incorporation during batch
growth in YPD (Supplemental Fig. S1A). Also, Yaf9
with the H3 acyl-blocking mutation was still associated
with chromatin in YPD conditions. However, in nutri-
ent-limiting conditions, akin to what is observed in the
wild, Yaf9 and its histone reading were crucial for the re-
cruitment of NuA4 and SWR1-C (as well as other tran-
scriptional initiation machinery) at genes. We surmise
that, in a natural setting where nutrients are more limit-
ing, Yaf9 provides a key function in facilitating SWR1-C
and NuA4 recruitment that could not be achieved other-
wise. In contrast, and in rich media where acetylation
and other histone modifications are more abundant, it
may be that the other reader domains present in NuA4
and SWR1-C complexes are simply sufficient for their re-
cruitment. Thus, nutrient-limiting conditions may cre-
ate an “all hands on deck” reader domain situation to
ensure the timely and appropriate recruitment of needed
chromatin and initiation machinery to chromatin when
energy is limiting. If this idea is correct, it then also rais-
es an intriguing question: How many other ancillary
members of chromatin and transcription complexes
have not been fully understood given most studies with
yeast have been performed in optional YPD growth con-
ditions? While our study makes this point for one mem-
ber of two chromatin complexes, it will be important to
consider growth conditions and cellular contexts when
examining the function of chromatin and transcription
machinery.
In conclusion, we revealed an important function of

Yaf9 in maintenance of proper regulation of transcription
across the YMC. This function is elicited by the ability of
Yaf9 to read histone acetylation and facilitate the recruit-
ment of its associated complexes that establish a chroma-
tin and transcription initiation signature at genes required
for timely transcription. Our findings also reveal that dis-
tinct mechanisms likely have evolved to regulate tran-
scription during different nutrient and energy states, as
shown by the absence of this chromatin and transcription
initiation factor signature during times of low histone
acetylation and low cellular energy. Because metabolic
pathways are often highjacked in cancer, it will be intrigu-
ing to determine whether the activities we observed are
conserved and dysregulated in cancer.

Materials and methods

Yeast strains and metabolic cycling

Saccharomyces cerevisiae strains generated for this study were
created in the CEN.PK background. These and other strains
used are listed in Supplemental Table S2. CEN.PK was verified
to have mitochondria as indicated by the ability to grow on glyc-
erol-containing media. The yaf9W89A strain was constructed us-
ing the delitto perfetto system (Klein et al. 2018a). Yeast
metabolic cycling conditions were applied as described with mi-
nor adjustments (Gowans et al. 2019). Dissolved oxygen percent
in media shown in YMC plots is relative to starting culture con-

ditions (∼100%). Continuous respiration cycles occur following
addition of 0.15% glucose to starved cells. For each experiment,
the time (in minutes) is shown relative to the start of the experi-
ment. Spotting assays were performed by plating serial dilutions
(1:5) of the indicated strains on YP media containing either 2%
glucose (YPD), 3% glycerol (YPG), 80 µg/mL 6-azauracil on syn-
thetic complete minus uracil plates (SC−Ura), 100 mM caffeine,
50 mM methanemethyl sulfonate, or 25 mM phleomycin and
grown at 30°C or 37°C.

Immunoblotting

Cultures were collected from the YMC and immediately snap-
frozen in liquid nitrogen. Samples for immunoblotting were fixed
in 20% trichloroacetic acid after thawing and washing once in
water. The protocol of Kushnirov (2000) was used to extract pro-
tein from samples. Standard conditions were used for SDS-PAGE
and immunoblotting. Antibodies used in this study were as fol-
lows: anti-H2A.Z (1:10,000; ActiveMotif 39647), anti-H3K9 acet-
ylation (1:2000; Millipore 06-942), anti-H3K9 crotonylation
(1:500; PTM Biolabs PTM 527), anti-H4K16 acetylation (1:2000;
Millipore 07-329), anti-pan H4 acetylation (1:1000; Active Motif
39925), anti-H2A (1:10,000; Active Motif 39235), anti-H3
(1:5000; Epicypher 13-0001), anti-H4 (1:1000; RevMAb 31-1089-
00), anti-G6PDH (1:10,000; Sigma A9521-1VL), anti-polymerase
II (1:1000; Millipore 05-623), anti-Yaf9 (1:5000; Pocono rabbit
farm), anti-Eaf1 (1:1000; Côté laboratory), anti-Swr1 (1:500; Wu
laboratory), anti-Sua7 (1:1000; Gene Tex GTX64172), anti-
Med11(1:500; Gene Tex GTX64137), anti-Pol II (1:10,000; Gross
laboratory), anti-Bdf1/Bdf2 (1:1000; Govin laboratory), anti-Taf4
(1:1000; Weil laboratory), anti-Taf12 (1:1000; Hahn laboratory),
anti-HA (1:1000; Proteintech 51064-2-AP), and anti-Taf14
(1:5000; Reese laboratory).

RNA-seq analysis

RNA was prepared from samples (∼10 ODs) using the RNA ex-
traction method. The sequencing libraries were from Gowans
et al. (2019), and the sequencing was performed by Novogene.
Triplicates of samples were combined for final analysis.
Principal component analysis plots (log transformed data) and
significantly differentially expressed (SDE) genes (adjusted P‐‐
value< 0.05 and log2 fold change> 0.6) were generated using
the DESeq2 package (Gowans et al. 2019). Gene ontology (GO)
term analysis was performed for SDE genes with default param-
eters to identify enriched genes. The numbers of genes with
large and statistically significant fold changes are presented in
volcano plots. Line graphs were generated from the four hierar-
chical cluster lists provided by the analysis from the Novogene
company. Heat maps of the four clusters were generated by
Prism.

RNA extraction and reverse transcriptase (RT)-qPCR

Yeast samples were collected and snap-frozen as described with
minor modifications (Gowans et al. 2019). Pellets were washed
in water and resuspended in 400 µL of TES buffer (10 mM Tris
HCl at pH 7.5, 10 mM EDTA, 0.5% SDS). An equal volume of
acid phenol was added, and samples were vortexed for 30 sec.
Samples were then incubated for 45 min at 65°C with occasional
vortexing before being chilled for 1min on ice. Sampleswere cen-
trifuged at 12,000 RPM for 5 min at 4°C, and the upper phase was
transferred to a fresh tube. Phenol extractions were repeated
twice. RNAwas precipitated by adding 0.1 vol of 5 M sodium ac-
etate (pH 5.3) and 2.5 vol of 100% ice-cold ethanol followed by
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incubation for 1 h at −80°C. Samples were centrifuged at 12,000
RPM for 5 min at 4°C, and pellets were washed with 70% ice-
cold ethanol. Pellets were resuspended in water, and the concen-
trations were measured. RNA (10 mg) was treated with RQ1
DNase (Promega Corporation M6101) for 60 min at 37°C. RNA
was purified using RNeasy mini kit (Qiagen 74104). cDNA was
prepared using iScript cDNA synthesis kit (Thermo Fisher Scien-
tific 18080051). qPCR was performed using the SYBR Green kit
(PowerUp SYBR Green master mix, Bio-Rad 170 8880), and the
primers are listed in Supplemental Table S3. Actin was used as
the standard for signal normalization.

Chromatin immunoprecipitation (ChIP)

Antibodies used for ChIP were as follows: anti-H3 (Epicypher 13-
0001), anti-H2A.Z (ActiveMotif 39647), anti-Eaf1 (Côté laborato-
ry), anti-HA (Proteintech 51064-2-AP), anti-H3K9 acetylation
(Millipore 06-942), anti-polymerase II (Millipore 05-623), and
anti-Yaf9 (Pocono rabbit farm). Chemostat samples (40mL of sat-
urated culture) were collected, fixed in 1% formaldehyde for 15
min, and quenched in 125 mM glycine for 10 min. Cells were
washed twice in TBS (300 mM NaCl, 40 mM Tris at pH 7.5)
and snap-frozen. Pellets were resuspended in 500 uL of FA buffer
(50mMHEPES at pH 7.5, 140mMNaCl, 1%Triton X-100, 1mM
EDTA, 0.1% sodium deoxycholate, Roche Complete protease in-
hibitor cocktail) and lysed by bead beating for 15 min at 4°C. Al-
iquot volumes were adjusted to 1 mL with FA buffer and
sonicated (30 sec on, 30 sec off) for 25min. Samples were pelleted
at 13,000 RPM for 20 min at 4°C, and the supernatants (whole-
cell lysate) were pooled. Lysates (adjusted to 2 mg/mL protein
for both histones marks, H3, H2A.Z, Yaf9, HA, Eaf1, and Pol II,
using FA buffer) were precleared using Dynabeads Protein A
(10001D; 50 µL of beads per 500 µL of lysate, for 1 h at 4°C),
and 50 µL was saved as input. Antibody was added and samples
were rotated overnight at 4°C. Dynabeads were washed three
times in FA buffer + 0.5% BSA, with the third wash rotated over-
night at 4°C to preblock beads (50 µL per 500-µL sample). Beads
were then resuspended in 200 µL of FA buffer and added to lysate
samples incubated for 2 h at 4°C. Beads added to lysates were
washed as follows: FA buffer, FA buffer containing 500 mM
NaCl, LiCl (10 mM Tris-HCl at pH 8.0, 250 mM LiCl, 0.5%
NP-40, 0.5% sodium deoxycholate, 1 mM EDTA), and 1 mL of
TE (pH 8.0). Beads were resuspended in 100 µL of elution buffer
(1% SDS, 0.1 M NaHCO3), and DNA was eluted by shaking for
15 min at 65°C. Supernatant was collected and the elution step
was repeated to yield 200 µL of eluate. Cross-links were reversed
by adding 10 µL of 5 M NaCl to the eluate and incubating over-
night at 65°C with shaking. Elution buffer (150 µL) was added
to 50 µL of input samples and 10 µL ofNaCl alongside the IP sam-
ples. Samples were treated with 10 µg of RNase A for 60 min at
37°C and then 20 µg of proteinase K for 60 min at 42°C. DNA
was purified using the ChIP DNA Clean & Concentrator (Gene-
see/Zymo Research 11-379C/D5205) and eluted in 60 µL of elu-
tion buffer.

Chromatin association assay

Chemostat samples were collected and pelleted. Pellets were
washed in water and chilled SB buffer (1 M sorbitol, 20 mM
Tris HCl at pH 7.4). Pellets were collected at 3000 RPM for 5
min at 4°C and resuspended in 1.5 mL of PSB buffer (20 mM
Tris HCL at pH 7.4, 2 mM EDTA, 100 mM NaCl, 10 mM β-ME)
with rotation for 10min at ambient temperature. Pelletswere col-
lected at 9000 RPM for 5 min at room temperature and washed in
1.5 mL of SB buffer at 9000 RPM for 5 min at room temperature,

and then resuspended in 1 mL of SB buffer with zymolyase (10
mg/mL in SB). Samples were incubated for 1 h at room tempera-
ture. SB buffer (600 uL) was added to stop the reaction. Sphero-
plasts were collected at 2000 RPM for 5 min at 4°C and washed
twice in 1 mL of LB buffer (0.4 M sorbitol, 150 mM potassium ac-
etate, 2 mM magnesium acetate, 20 mM PIPES at pH 6.8) with 1
mM PMSF and a protease inhibitor cocktail tablet (Roche
11836170001). Spheroplasts were resuspended in 250 µL of LB
buffer with 1 mM PMSF, one protease inhibitor cocktail, and
1% Triton-X, and incubated with occasional mixing for 10 min
on ice. Samples (125 µL) were transferred to tubes labeled “total
fraction”; the other 125 µL of sample was transferred to tubes la-
beled “chromatin fraction.” Lysates in the chromatin fraction
tubes were centrifuged at 5000 RPM for 15min at 4°C, and super-
natants were transferred to tubes labeled “soluble fraction.” Pel-
lets in the chromatin fraction tubes were washed three times in 1
mLof LB bufferwith 1mMPMSF, one protease inhibitor cocktail,
and 1% Triton-X. Pellets were collected after washes at 5000
RPM for 5 min at 4°C, and supernatants were aspirated. Chroma-
tin fraction sample pellets were resuspended in 125 µL of LB
buffer.
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