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ABSTRACT

The histone acetyltransferase (HAT) subunit of coac-
tivator complex SAGA, Gcnb, stimulates eviction of
promoter nucleosomes at certain highly expressed
yeast genes, including those activated by transcrip-
tion factor Gen4 in amino acid-deprived cells; how-
ever, the importance of other HAT complexes in this
process was poorly understood. Analyzing muta-
tions that disrupt the integrity or activity of HAT
complexes NuA4 or NuA3, or HAT Rtt109, revealed
that only NuA4 acts on par with Gen5, and func-
tions additively, in evicting and repositioning pro-
moter nucleosomes and stimulating transcription of
starvation-induced genes. NuA4 is generally more
important than Gcn5, however, in promoter nucle-
osome eviction, TBP recruitment, and transcription
at most other genes expressed constitutively. NuA4
also predominates over Gen5 in stimulating TBP re-
cruitment and transcription of genes categorized as
principally dependent on the cofactor TFIID versus
SAGA, except for the most highly expressed subset
including ribosomal protein genes, where Gen5 con-
tributes strongly to PIC assembly and transcription.
Both SAGA and NuA4 are recruited to promoter re-
gions of starvation-induced genes in a manner that
might be feedback controlled by their HAT activi-
ties. Our findings reveal an intricate interplay be-
tween these two HATs in nucleosome eviction, PIC
assembly, and transcription that differs between the
starvation-induced and basal transcriptomes.

INTRODUCTION

In the yeast Saccharomyces cerevisiae, most genes tran-
scribed by RNA Polymerase II (Pol II) contain a
nucleosome-depleted region (NDR) of ~120 bp situated
upstream of the coding sequences (CDS) flanked by highly

positioned ‘~1” and ‘+1° nucleosomes, with the transcrip-
tion start site (TSS) frequently located within the +1 nucle-
osome (henceforth +1_Nuc). Given its proximity to the TSS
and adjacent upstream promoter elements, the +1_Nuc can
interfere with formation of the preinitiation complex (PIC)
and initiation of transcription. Accordingly, the +1_Nuc is
frequently evicted (1,2) (3) or shifted in the 3’ direction (4,5)
(6) in the course of promoter activation. The yeast ATP-
dependent chromatin remodeling complexes SWI/SNF and
RSC, capable of sliding or evicting nucleosomes in vitro,
serve to eliminate nucleosomes from NDRs, and also to
reposition the +1 and —1 nucleosomes to maintain proper
NDR widths. While RSC is important for establishing
proper NDR widths at the majority of yeast genes (7-9)
(10,11), SWI/SNF partners with RSC in performing this
function, and also stimulating transcription, at the subset
of most highly expressed genes, including those activated
by the starvation-induced transcription factor Gen4 (3,6).
The Gcen4 transcriptome provides an ideal subject for
probing the in vivo requirements for chromatin remodel-
ers and other coactivators in remodeling promoter nucle-
osomes and activating transcription initiation, as it com-
prises several hundred genes that are rapidly induced by
Gcend on limitation for an amino acid, which can be
achieved with the inhibitor of isoleucine and valine biosyn-
thesis sulfometuron methyl (SM). Indeed, we showed re-
cently that the chromatin remodeler Ino80 complex is re-
quired in addition to SWI/SNF and RSC for robust nucleo-
some eviction and transcriptional activation of many of the
genes induced in SM-treated cells. Comparing the effects of
deletion or depletion of the catalytic subunits of these re-
modelers revealed extensive interplay among the three re-
modelers in which certain induced genes require all three
complexes, whereas others require only one or two of them
in otherwise WT cells for efficient promoter nucleosome
eviction (12). Furthermore, an increased requirement for
SWI/SNF or RSC was revealed when one remodeler was
inactivated or depleted in mutant cells lacking the other.
We made similar findings when SWI/SNF was eliminated in
cells containing or lacking Gen3, the histone (HAT) subunit
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of the SAGA coactivator complex (3), indicating partial re-
dundancy in the functions of these two coactivators with
distinct biochemical functions (3). Functional interplay be-
tween GenS and SWI/SNF, and of SWI/SNF with RSC, in
promoter nucleosome eviction and transcription was also
evident at constitutively expressed genes with the highest
rates of transcription (3) (6). Thus, the SM-induced cohort
of genes is a useful model for uncovering general principles
of coactivator cooperation that apply to many other well-
expressed genes in yeast.

It is generally considered that histone acetylation en-
hances promoter nucleosome remodeling by weakening
electrostatic attraction between positively charged lysine
residues in the histones and the phosphodiester backbone
of DNA; or by facilitating recruitment of other coactivators
containing moieties that interact with acetylated lysines,
such as the bromodomain. Having observed previously that
elimination of Gen$ did not fully impair nucleosome evic-
tion at many SM-induced genes, we wondered whether
GenS cooperates with other HATs in this process, simi-
lar to the functional cooperation we identified for different
chromatin remodelers. In particular, we wished to exam-
ine the role of HAT complex NuA4, whose catalytic sub-
unit (Esal) is essential in yeast. Whereas Gcen5 acetylates
H3 and H2B, Esal is responsible for most H4 and H2A
acetylation in yeast (13); and we showed that NuA4, like
SAGA, is recruited to the promoters of the Gend target
genes ARGI and ARG4 in a manner strongly enhanced by
SM-induction of Gen4 (14). Accordingly, we set out here
to determine the effects of disrupting the NuA4 complex
by eliminating its nonessential scaffold subunit Eafl on
promoter nucleosome eviction and transcriptional activa-
tion at both SM-induced and constitutively expressed genes.
We showed previously that Eafl is required for recruit-
ment of other NuA4 subunits to the ARGI and A RG4 pro-
moters, and for association of Esal with the Tral subunit
(14)—a likely direct target of the Gen4 activation domain
(15) shared between NuA4 and SAGA. We also wished to
determine whether depleting Eaf1 confers defects in nucleo-
some eviction or transcription in cells lacking Gen5 to eval-
uate whether NuA4 and GenS make independent, additive
contributions to these processes at particular genes in vivo.

While this work was underway, Bruzzone et al. reported
that depleting GenS, Esal, or Tral (to affect both SAGA
and NuA4 simultaneously) from the nucleus using ‘anchor-
away’ technology broadly reduced H3 or H4 acetylation
at promoters in a manner correlated with reductions in
Pol IT occupancy of the downstream CDSs; but surpris-
ingly, did not confer altered occupancies or positions of pro-
moter nucleosomes (16). This finding could indicate that hi-
stone acetylation is required principally for coactivator re-
cruitment versus nucleosome remodeling. However, those
results for Gen5 differed from our previous findings on
deletion of GCNJ5, which conferred widespread increases
in promoter H3 occupancies in SM-treated cells (3). This
discrepancy might reflect incomplete nuclear depletion of
Gcen5 by anchor away, or a greater requirement for GenS
in Ile/Val-starved cells compared to the growth conditions
employed by Bruzzone et al. Accordingly, we have analyzed
mutant cells completely lacking Eafl and thus disrupted
for NuA4, lacking Gen5, or both lacking GenS and de-
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pleted of nuclear Eafl by anchor-away, in both SM-treated
and untreated cells. Our results indicate that deletion of
either GCN5 or EAFI impairs eviction of promoter nu-
cleosomes at many of the ~200 genes highly induced by
SM, and at a large fraction of genes expressed constitu-
tively in SM-treated cells. Whereas gen5 A and eaf1 A confer
comparable increases in promoter nucleosomes at the SM-
induced genes, eafl A confers a relatively greater defect at
constitutively expressed genes. We also observe a broader
effect on PIC assembly, monitored by TBP recruitment, and
transcription on disrupting NuA4 versus eliminating GenS,
whereas GenS acts on par with NuA4 at both SM-induced
genes and the highly transcribed subset of constitutively
expressed ribosomal protein (RP) genes. Our findings pro-
vide strong evidence that promoter nucleosome eviction is
a key function for both GenS and NuA4 in promoting tran-
scription throughout the yeast genome and reveal differen-
tial requirements for these two HATSs in nucleosome evic-
tion, PIC assembly, and transcription between starvation-
induced and the majority of constitutively expressed genes.
Comparing these findings to our previous analysis of mu-
tations affecting the SWI/SNF and RSC complexes fur-
ther reveals a high degree of cooperation between these two
chromatin remodelers and the HATs GenS and NuA4.

MATERIALS AND METHODS
Yeast strains and plasmids

All yeast strains employed are listed in Supplementary
Table S2. WT strain BY4741 and kanM X4-marked dele-
tion derivatives were described previously (17) and pur-
chased from Research Genetics, and all deletions in these
strains were verified by PCR analysis of genomic DNA. The
gend A::hphM X4 allele was introduced into wild type strain
HQY 1695, engineered previously for anchor-away experi-
ments (12), by gene replacement with a genSA::hphM X4
fragment PCR-amplified from plasmid pFA6-hphM X4 (18)
(19) to produce strain QZ15, which was verified by PCR
analysis of the GCNJ5 locus in QZ15. The same method was
used to introduce eaf1 A::hph M X4 into HQY 1695 to gener-
ate QZ16, and to introduce genSA::hphM X4 into H4268 to
produce QZ21, which were verified by PCR analysis of the
EAFI or GCNS5 locus in the resulting strains. Anchor-away
alleles of GCN5 or EAFI were introduced into HQY 1695
by C-terminal tagging with the coding sequences of FRB,
producing QZ17and QZ18, using PCR-based methodol-
ogy (18) and plasmid pHQ2142 as template, encoding the
FRB tag and nat M X4 selective marker as described below.
QZ19 was generated from QZ15, and QZ20 was produced
from QZ16, by the same strategies. SPT7-M YC;;::HIS3
or SRB6-MYC3:: HIS3 alleles were introduced into strain
H4311 by PCR-amplification of DNA containing the corre-
sponding alleles from genomic DNA of yeast strains H3587
or H3617, respectively, and used to transform H4311 to a
His™ phenotype. The resulting gene replacements in strains
QZ25 and QZ24 were verified by PCR analysis.

All plasmids employed in this work are listed in Sup-
plementary Table S4, and all primers utilized in plasmid
or strain constructions are given in Supplementary Table
S3. Plasmids pQZ2-pQZS were produced by isolating DNA
fragments containing the appropriate WT genes by PCR
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amplification from WT yeast genomic DNA and inserted
into YCplac33. The inserted fragments were sequenced in
their entirety and shown to complement the correspond-
ing yeast mutants. pQZ2 was constructed from the 1.839kb
Sphl-Xmnl and 1.946 XmnI-EcoRI fragments containing
EAFI inserted between the Sphl and EcoRI sites of YC-
plac33; pQZ3 contains the 1.77kb SphI-EcoRI fragment
containing RT'T109 cloned between the corresponding sites
of YCplac33; pQZ4 contains the 1.535 kb SphI-Nrul and
1.799kb Nrul-Xmal fragments containing WT SAS3 in-
serted between the Sphl and Xmal sites of YCplac33; and
pQZS contains the 1.753 kb Sphl-Sacl fragment containing
YNG2 cloned between the corresponding sites in YCplac33.
pHQ2142 (pFA6a-FRB-natMX4) was constructed by re-
placing the BgllI-EcoRV HIS3M X6 fragment of pFA6a-
FRB-His3MX6 (from Euroscarf p30579) with the BglII-
EcoRV nat M X4 fragment from pFA6-natMX4 (19).

Western blot analysis

Western analysis of yeast whole cell extracts prepared un-
der denaturing conditions using trichloroacetic acid was
conducted as described previously (20) using NuPAGE
Bis-Tris gels and the following antibodies. Commercially
available antibodies were employed to detect histone H3
(ab1791, Abcam), acetylated H3 (H3-ac) (06-599, Sigma),
histone H4 (04-858, Sigma), and acetylated H4 (H4-ac)
(06-866, Sigma). The H3-ac antibodies were raised against
a human H3 peptide acetylated at the N-terminus. The
immunogen for the H4-ac antibodies was an acetylated
peptide corresponding to amino acids 2-19 of Tetrahy-
mena H4 [AGGAcKGGAcKGMGAcCKVGAAcKRHS-C],
acetylated on lysines 5, 8, 12 and 16. Antibodies prepared
in-house were used to detect Gend, Ged6 or Herl.

ChIP-seq analysis

All ChIP-seq experiments conducted are summarized in
Supplementary Table S1. WT and mutant strains were cul-
tured in synthetic complete medium lacking isoleucine and
valine (SC-Ilv) to Ago of 0.6-0.8 and sulfometuron methyl
(SM) was added at 1 pg/ml for 25 min to induce Gen4
synthesis prior to treating cells with formaldehyde, as pre-
viously described (3). For anchor-away strains, yeast cells
were cultured in SC-Ilv to Aggo of 0.3-0.4, rapamycin was
added to 1 pg/ml and incubation continued for 1.5 h, after
which SM was added as above before formaldehyde treat-
ment. ChIP-seq using sonication for chromatin fragmen-
tation was conducted (21) with modifications described in
(3) using polyclonal antibodies against H3, H3-ac, and H4-
ac (described above), TBP (a generous gift from Joseph
Reese) or Gend (22), and monoclonal antibodies against
Rpb3 (NeoClone, W0012), Rpbl (§WG16 from Biolegend,
664906) or the myc epitope (Mouse Monoclonal Antibody
9E10 from Roche 11667203001). H3 ChIP-seq using micro-
coccal nuclease to fragment chromatin was conducted as
in (6). Supplementary Figure S1A indicates that the frag-
ment length distributions of sonicated chromatin samples
were similar among replicates for representative chromatin
samples. DNA libraries for Illumina paired-end sequencing
were prepared using the DNA Library Prep Kit for Illumina
from New England Biolabs (E7370L).

Paired-end sequencing (50 nt from each end) was con-
ducted by the DNA Sequencing and Genomics core facil-
ity of the NHLBI, NIH. Sequence data were aligned to the
SacCer3 version of the genome sequence using Bowtie2 (23)
with parameters -X 1000 —very-sensitive, to map sequences
up to 1 kb with maximum accuracy. PCR duplicates from
ChIP-seq data were removed using samtools rmdup. Num-
bers of aligned paired reads from each ChIP-seq experiment
and correlation coefficients for genome-wide occupancy
profiles of the different replicates are summarized in Supple-
mentary Table S1. Raw genome-wide occupancy profiles for
H3, Rpb3, Gend, TBP, and myc-tagged proteins were com-
puted using the coverage function in R. To allow the com-
parison between different samples, each profile was normal-
ized to an average of 1 for each chromosome. Heat maps
showing alignments of multiple loci were generated in R us-
ing custom scripts (https://github.com/rchereji/bamR). To
visualize specific loci, Big Wig files of samples were loaded in
the Integrative Genomics Viewer (IGV) (24). Transcript end
coordinates (TSS and TTS) were obtained from (Pelechano
etal., 2013).

For spike-in normalization of Rpbl ChIP-seq data,
S. pombe chromatin was prepared from strain ED668
(Bioneer) using the same procedure employed for S. cere-
visiae, aliquoted, and stored at —80°C. Prior to immuno-
precipitating Rpbl, aliquots of S. pombe chromatin were
added to each S. cerevisiae chromatin sample being ana-
lyzed in parallel, corresponding to 10% of the S. cerevisiae
chromatin in the samples based on the DNA concentrations
of the chromatin preparations. As described fully in File
S3, the average number of total Rpbl-immunoprecipitated
reads mapping to the S. pombe genome across the samples
was determined and used to calculate the normalization fac-
tor for each sample as the average number of total S. pombe
reads divided by the number of Rpbl-immunoprecipitated
reads mapping to the S. pombe genome for that sample. The
observed reads mapping to the S. cerevisiae genome for each
sample were multiplied by the normalization factor to yield
the spike-in normalized reads for each S. cerevisiae gene.
Raw genome-wide occupancy profiles for Rpbl were com-
puted using the coverage function in R, wherein each pro-
file was set with the same total OCC to allow the compari-
son between different samples (control and treatments), us-
ing the custom R script (https://github.com/hzhanghenry/
OccProR). Spike-in normalization of H3-ac and H4-ac was
conducted similarly using S. pombe chromatin, calculat-
ing normalization factors from the total number of reads
mapped to the S. pombe genome that were used to normal-
ize the numbers of reads mapped to each nucleotide in the
S. cerevisiae genome, as described in Files S11. H3-ac/H3
and H4-ac/H3 ratios were calculated by dividing the spike-
in normalized H3-ac or H4-ac occupancies averaged over
the [-1,NDR,+1] intervals by the averaged relative H3 oc-
cupancies for the same intervals calculated from H3 ChIP-
seq experiments conducted in parallel with those examining
acetylated histone occupancies described in File S11.

TBP occupancies at the TBP peaks of SM-induced genes
were calculated as previously described (12) using the peak
coordinates of the 116 TBP peaks listed in Supplementary
Table S5, except that a window of 100 bp surrounding the
summit of each peak was evaluated. TBP occupancies at
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the different groups of constitutive or RP genes were cal-
culated by averaging the occupancies over the intervals —
150 bp to +100 bp surrounding the TSSs. Gen4 occupancies
were quantified for 117 Gen4 peaks located 5 of Gen4 tar-
get genes (25), averaging the occupancies over the —100 bp
to 100 bp intervals surrounding the Gen4 motifs, listed in
Supplementary Table S6. Occupancies of Spt7-myc, Eafl-
myc, and Srb6-myc were corrected using the data obtained
by parallel ChIP-seq analyses of the untagged isogenic WT
or mutant strains, as described previously (12).

RESULTS

Disruption of NuA4 and deletion of GCN5 confer comparable
defects in promoter nucleosome eviction at SM-induced genes

Previously, we reported that the HAT GenS promotes both
eviction of promoter nucleosomes and transcriptional acti-
vation at a large cohort of genes induced by starvation for
the amino acids isoleucine and valine achieved using SM,
which is mediated primarily by Gen4 (3). We began here
by confirming the role of GenS in nucleosome eviction at
SM-induced genes by ChIP-seq analysis of histone H3 in
cells deleted of GCN5. As expected, the genSA strain ex-
hibits a modest slow-growth (Slg™) phenotype on synthetic
complete (SC) medium lacking SM (Supplementary Figure
S2A); and shows reduced levels of bulk H3 acetylated at
its N-terminus (H3-ac), in both the presence and absence
of SM, compared to the WT strain (Supplementary Figure
S2E, H3-ac versus H3). The reduction in H3-ac by genS A is
exacerbated by SM treatment (Supplementary Figure S2E,
+SM vs -SM) but the underlying mechanism for this last
finding remains to be explored. Both the Slg~ phenotype
and reduction in H3-ac conferred by gen5A were comple-
mented by plasmid-borne WT GCN5 (Supplementary Fig-
ure S2A and E). Importantly, deletion of GCN5 did not no-
ticeably alter the induction of Gend protein by SM treat-
ment (Supplementary Figure S2E, Gen4).

Our previous ChIP-seq analysis of Pol II subunit Rpb3
identified 204 genes showing >2-fold induction of Rpb3
occupancies on SM treatment; and ChIP-seq of histone
H3 revealed that 70 of these SM-induced genes display a
marked reduction in nucleosome occupancies in their pro-
moter regions. As expected, our current H3 ChIP-seq data
revealed reduced H3 occupancies in the promoter regions
of four well-studied Gcn4 target genes belonging to the
group of 70 SM-induced genes, HIS4, CPA2, ARG4 and
ARG7, on SM-induction of WT cells (Supplementary Fig-
ure S3A(1)—(iv), row 1, light versus dark colors, data within
dashed lines). As the results of H3 ChIP-seq analysis were
highly reproducible among three biological replicates of
the gen5A mutant and isogenic WT strains (Supplemen-
tary Figures SIB and S3B; Supplementary Table S1), we
combined the replicate datasets for each condition in per-
forming downstream analyses. Averaging results for all 70
SM-induced genes revealed reductions in the mean H3 oc-
cupancies in response to SM treatment (WT| versus WTy)
in the DNA regions spanning the average consensus po-
sitions of the —1_Nuc, NDR and +1_Nuc (Supplementary
Figure S4A), using the sequence coordinates for these re-
gions we had defined previously by sequencing nucleosomes
released from chromatin by micrococcal nuclease digestion
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(MNase-Seq) (3). Using these same coordinates to calcu-
late the average H3 occupancy per nucleotide across the in-
tervals spanning the —1_Nuc, NDR, and +1_Nuc regions
(dubbed [-1,NDR,+1]), we observed marked reductions in
median occupancies of H3 in the promoters of the group
of 70 genes on SM-treatment of WT cells (Supplementary
Figure S4B). (In these and other notched box plots, non-
overlapping notches in adjacent plots indicate that the two
medians differ significantly with >95% confidence. P-values
from Mann—Whitney U tests of the statistical significance
of the difference between groups is also frequently indi-
cated with asterisks.) As expected from our previous find-
ings (3,6), the remaining 134 among all 204 SM-induced
genes exhibit smaller, but still highly significant, reductions
in median H3 occupancies on SM treatment of WT (Sup-
plementary Figure S4B).

As expected, deleting GCNS significantly diminished the
reduction in the averaged H3 occupancies across the pro-
moter regions of both groups of 70 and 134 induced genes
evoked by SM treatment (Supplementary Figure S4A and
B, gen5 Ay versus WTy). These changes in median H3 oc-
cupancies were observed reproducibly for all SM-induced
genes in the biological replicates of the WT;, WTy and
gend Ay strains (Supplementary Figure S1B). In contrast,
gend A had little effect on promoter H3 occupancies in cells
untreated with SM (Supplementary Figure S4A, genSAy
versus WTy), indicating that GenS makes little contribu-
tion to basal nucleosome occupancies at SM-induced genes.

The effects of gen5 A on H3 eviction at individual mem-
bers of the groups of 70 and 134 genes were visualized by
constructing heat maps of H3 occupancies in the regions
surrounding the +1_Nucs, with the genes sorted accord-
ing to the previously determined Pol II occupancies av-
eraged across the CDSs in SM-treated WT cells, as mea-
sured by ChIP-seq analysis of Rpb3 (3) (Supplementary
Figure S4C(i)). The difference map in Supplementary Fig-
ure S4C(ii) shows the magnitude of H3 eviction in SM-
treated versus untreated WT cells as different shades of blue
for each gene. As expected, the amount of H3 eviction in
WT is considerably smaller for the 134 genes (lower sector)
versus the 70 induced genes (upper sector) (Supplementary
Figure S4C(ii)). The difference map in Supplementary Fig-
ure S4C(iii) depicts the increases in H3 occupancy (as yel-
low, orange, or red hues) in gcn5 A versus WT cells under in-
ducing conditions for the same ranking of genes. Note that
gend A confers increased occupancies in the vicinity of both
the —1_Nucs and +1_Nucs for most of the group of 70 in-
duced genes (Supplementary Figure S4C(iii)), but it gener-
ally confers smaller effects on H3 eviction at the 134 induced
genes (Supplementary Figure S4C(iii), lower).

We noticed that H3 occupancies were lower in induced
genS A cells compared to uninduced WT cells for the group
of 70 genes (Supplementary Figure S4A, B), suggesting that
appreciable H3 eviction still occurs in the absence of GenS.
Our previous finding that Gen4 recruits the HAT complex
NuA4 to ARG! during SM-induction (14), led us to in-
quire whether the HAT activity of NuA4 also participates
in H3 eviction, and mediates the nucleosome eviction on
SM-induction evident in genSA cells (Supplementary Fig-
ure S4A, B). Because the catalytic subunit of NuA4 (Esal)is
essential, we examined the effects of deleting non-essential
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NuA4 subunits Eafl or Yng2. Eafl is important for the
integrity of NuA4 (14,26,27) and is required for recruit-
ment of other NuA4 subunits to the ARGI UAS region
by Gcend, possibly by tethering the Tral subunit to the rest
of NuA4 (14), as Tral is a known target of the Gen4 ac-
tivation domain (15). Yng?2 resides with Esal and Epll in
both NuA4 and the NuA4 subcomplex picNuA4, and en-
hances Esal HAT activity (28). We verified that deletions
of EAFI and YNG2 confer reductions in acetylated H4,
which were complemented by the corresponding WT alle-
les; and we established that eaf/ A and yng2 A did not im-
pair induction of Gen4 protein on SM-treatment (Supple-
mentary Figure S2F, G). Similar to our findings on gen5 A
in reducing H3Ac levels, the effects of eafl A and yng2 A on
bulk H4Ac levels are exacerbated by SM treatment (Sup-
plementary Figure S2F, G); but the underlying mechanism
is unknown. The eaflA and yng2A mutations conferred
Slg™ phenotypes, greater than those given by gen5A, which
were fully complemented by the WT alleles (Supplementary
Figure S2A-C).

Importantly, deletion of EAFI confers increased H3 pro-
moter occupancies on SM-induction on par with the effect
of gen5A for the SM-induced genes. First, H3 occupancy
difference heat maps reveal that eaflA confers increased
H3 occupancies similar in degree for the group of 70 SM-
induced genes, while affecting an even greater proportion of
the group of 134 genes, compared to those described above
for gen5A and shown again for comparison in Figure 1A
(panels (ii) versus (i)). Second, eafl A confers increases in
median H3 occupancies similar to those given by genS A for
the group of 70 genes, and exceeding the effect of gen5A
for the 134 genes (Figure 1B(i)—(ii)). In fact, the median
H3 occupancies in induced eaf7 A cells is indistinguishable
from those seen in uninduced WT cells for the group of 134
genes (Figure 1B(ii)). This last finding led us to consider
whether NuA4 also contributes to basal promoter nucleo-
some occupancies at the SM-inducible genes. Indeed, H3
ChIP-seq analysis of uninduced cells revealed that, unlike
gend A, eafl A confers significantly higher basal median H3
occupancies for the group of 134 genes (Figure 1C(ii)). To-
gether, these findings suggest that NuA4 and Gen)5 are re-
quired almost equally for efficient eviction of promoter nu-
cleosomes at the SM-induced genes when Gen4 is induced,
and that NuA4 also functions in this process under basal
conditions.

Elimination of NuA4 subunit Yng2 also impaired pro-
moter nucleosome eviction at the SM-induced genes, but
generally had a smaller effect compared to eaf/A. The
yng2 A mutation was examined in a strain background
(BY4742) regarded as largely isogenic to the WT strain an-
alyzed above (BY4741) except for the allelic differences of
MATa versus MATa, lys2 A-0 versus LYS2, and METI5
versus met15A-0 (29). SM-treatment of WT strain BY4742
evoked extensive H3 eviction in the promoters of the groups
of 70 and 134 genes (Figure 1A(iii)) comparable to that
shown above for WT strain BY4741 (Supplementary Figure
S4C(ii)). Deletion of YNG2 conferred a moderate increase
in H3 occupancies (yellow-orange hues) that was relatively
greater for the group of 70 genes versus 134 SM-induced
genes (Figure 1A(iv)); and was substantially smaller overall

than that given by eaflA (Figure 1A(ii)) for both groups
of genes. Furthermore, while yng2 A produced significant
increases in median H3 occupancies for the SM-induced
genes, the fold-increases compared to the isogenic WT
strain, of 1.1- to 1.25-fold, were smaller than those given
by eafl A of 1.2- to 1.6-fold, for the two groups of genes
(Figure 1B(i)—(i1)). Unlike the findings above for eafl A, H3
occupancies in the yng2 A strain under inducing conditions
remained well below those in uninduced WT cells (Figure
1B(i)—(i1)). Moreover, yng2A did not increase the median
H3 occupancies in uninduced cells (Figure 1C(1)—(ii)). Thus,
it appears that eliminating Yng2 confers a smaller defect in
promoter nucleosome eviction at the SM-induced genes, in
induced and uninduced cells, compared to disrupting NuA4
by eliminating Eafl.

Considering that many SM-induced genes are direct tar-
gets of Gend, exhibiting increased Gen4 occupancies in the
NDRs on SM-induction of WT cells (25), we examined
whether reductions in promoter nucleosome eviction con-
ferred by gen5 A, eaf1 A or yng2 A might be secondary effects
of reduced Gen4 occupancies at its target genes. ChIP-Seq
analysis of Gen4 revealed the expected induction of occu-
pancies averaged over all 117 Gen4 binding peaks located
within NDRs on SM treatment of WT (Supplementary Fig-
ure S5A). The gen5 A mutation conferred an increase, rather
than decrease, in both averaged and median Gen4 occupan-
cies under inducing conditions; whereas eaf! A conferred a
modest but significant reduction in Gen4 occupancies (Sup-
plementary Figure S5A, B). Thus, the defects in promoter
nucleosome eviction conferred by gen5 A are clearly not as-
sociated with diminished Gen4 binding; whereas reduced
Gcen4 occupancies might contribute somewhat to the dimin-
ished nucleosome eviction observed in eafl A cells at SM-
induced genes.

Eliminating Rtt109 or Sas3 has little effect on promoter nu-
cleosome eviction at SM-induced genes

We examined next the effect of eliminating Rtt109, which
acetylates K56 in the globular domain of histone H3 (30);
or Sas3, which acetylates H3 as a subunit of the NuA3 HAT
complex (31). The rtt109 A strain exhibits a Slg~ phenotype
and somewhat diminished levels of bulk acetylated H3, both
of which were complemented by plasmid-borne RTT109
(Supplementary Figure S2D, H); however, we observed no
effects of sas3 A on either cell growth or histone acetylation.

In comparison to eafl A, the rtt109A and sas3A muta-
tions had smaller effects on promoter H3 occupancies for
the SM-induced genes under inducing conditions (Supple-
mentary Figure S6A(i)—(iii)), producing a significant in-
crease in median H3 occupancies only in the case of r2¢109A
and limited to the 70 induced genes (Supplementary Figure
S6B(1)—(i1)). Examining the H3 difference map for rzt109A,
reveals that the increased H3 occupancies for these genes are
concentrated in the -1_Nuc regions (Supplementary Figure
S6A (ii), upper). In contrast to eafl A, rtt109A and sas3 A
had no significant effects on median promoter H3 occu-
pancies for the SM-induced genes under basal conditions
(Supplementary Figure S6C(i)—(i1)). Thus, among the four
HATs we examined, only GenS and NuA4 make strong
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Figure 1. Disruption of NuA4 by deletion of EAFI is on par with deletion of GCN5 in reducing promoter nucleosome eviction at SM-induced genes. (A)
Heat map depictions of differences in H3 occupancies in WT cells induced by SM treatment (WTy) versus untreated (uninduced) WT cells (WTy) (iii),
or between the indicated mutant and WT strains (described in Supplementary Figure S1A-C) grown under inducing conditions (i), (ii), (iv), calculated
from the combined H3 ChIP-seq data for the 204 SM-induced genes, divided between 70 (upper) and 134 (lower) SM-induced genes, plotted relative to
the +1_Nuc dyad and color-coded as shown in the scale to the right of panel (iv). Genes in each group were sorted by their average Rpb3 occupancies
over the CDS in WT; cells (3) as summarized schematically on the far left. (B) Notched box plots of H3 occupancies per nucleotide in the [—-1,NDR,+1]
regions calculated from combined ChIP-seq data for each strain in (A) for the 70 and 134 SM-induced genes. Note that the yng2 A mutant was compared
to its isogenic WT strain (in cols. 6-7), which differs from the WT strain isogenic to the gen5A and eafl A strains examined in parallel with the latter two
mutants (cols. 1-2). Each box depicts the interquartile range containing 50% of the data, intersected by the median; the notch indicates a 95% confidence
interval (CI) around the median. If the notches of two plots do not overlap, there is 95% confidence that the true medians of the two distributions differ.
Asterisks signify significant differences between the two groups connected by brackets according to the Mann-Whitney U test: ***P < 0.001; **P < 0.01,
*P < 0.05. Median values are given in parenthesis below the column labels. (C) Notched box plots of H3 occupancies per nucleotide in the [-1,NDR,+1]
region as in (B) except for cells grown in uninducing conditions.
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contributions to promoter nucleosome eviction at the SM-
induced genes.

NuA4 acts more broadly than Gen5 in evicting promoter nu-
cleosomes genome-wide

Having found that deleting EAFI increased basal promoter
nucleosome occupancies in uninduced cells at many SM-
induced genes (Figure 1C), we asked whether this defect
could be observed more broadly at genes that are not in-
duced by SM. To this end, we interrogated the H3 occu-
pancies for a group of 3619 genes that showed <1.2-fold
increases in Rpb3 occupancies on SM induction (3) and,
hence, are expressed more constitutively than the 204 SM-
induced genes analyzed above. Examining H3 difference
heat-maps (sorted as above according to Rpb3 occupancies
in WT_I cells) revealed that these genes exhibit only small
reductions in promoter H3 occupancies on SM-treatment
of WT cells (Figure 2A(i)), as expected from their consti-
tutive expression. The gen5A mutation confers marked in-
creases in promoter H3 occupancies only at the most highly
expressed subset of genes located at the top of the heat-
map (Figure 2A(i1)). Importantly, eafl A confers relatively
larger increases in promoter H3 occupancies compared to
gend A for nearly all constitutively expressed genes, includ-
ing those at the top of the map most affected by gen5 A (Fig-
ure 2A(iii)). As observed for the SM-induced genes, yng2 A
confers a considerably smaller defect in H3 eviction for the
constitutive genes than observed for eafl A (Figure 2A(v)
versus (iii)), or even for gen5A (panel v versus ii). These
trends are borne out by comparing the median promoter
H3 occupancies in the three mutant strains, with eafl A
conferring a significantly larger increase versus WTy cells
(1.17-fold) compared to gen5 A (1.08-fold); and with yng2 A
producing the smallest increase among the three mutations
(1.05-fold compared to its isogenic WT strain) under induc-
ing conditions (Figure 2B). Under non-inducing conditions,
eafl A again produced a greater increase in promoter H3 oc-
cupancies compared to genSA (1.08-fold versus 1.03-fold)
(Figure 2C), indicating a greater role for NuA4 than GenS
in evicting promoter nucleosomes from the constitutively
expressed genes. Surprisingly, yng2A confers lower rather
than higher H3 occupancies in nonstarved cells (Figure 2C).
The opposite effects of yng2A on H3 occupancies between
starved and nonstarved cells, coupled with the similar ef-
fects of eafl A between the two conditions, might indicate
that picNuA4 (containing Yng2 but not Eafl) functions
more prominently in replacement rather than eviction of nu-
cleosomes at constitutively expressed genes in non-starved
cells; however, we are unaware of any previous observations
that would support this speculation.

Finally, the rt¢109A and sas3A mutations confer small,
but significant increases in median promoter H3 occupan-
cies for the 3619 constitutive genes, comparable to those
conferred by gcn5 A but decidedly smaller than those given
by eafl1 A, under both starvation and nonstarvation condi-
tions (Supplementary Figure S7TA—C). Thus, it appears that
NuA4 plays the greatest role among the four HATs we ex-
amined in evicting promoter nucleosomes from the thou-
sands of constitutively expressed genes.

NuA4 and GenS make additive contributions to eviction and
repositioning of promoter nucleosomes at both SM-induced
and constitutively expressed genes

To determine whether NuA4 and Gen function indepen-
dently in promoter nucleosome eviction, we sought to deter-
mine whether eliminating one would confer increased pro-
moter occupancies in mutant cells lacking the other HAT.
As we could not construct a strain lacking both GCN5 and
EAFI owing to lethality of the double deletion (32), we re-
sorted to examining the effects of conditionally depleting
Eafl from the nucleus by ‘anchor-away’ (abbreviated below
as AA) (33) from a strain lacking GCN5. To this end, WT
and gend A strains were generated harboring an FRB-tagged
allele of EAFI (dubbed eafl-AA), an FKBPI12-tagged al-
lele of RPLI3A encoding the cytoplasmic ‘anchor’ pro-
tein, and the fpri A and torl-1 alleles that confer rapamycin
(Rap) insensitivity of the TORCI1 kinase complex (33). We
similarly constructed WT and eaf] A strains containing the
FRB-tagged gen5-AA allele for nuclear depletion of Gen5S
in the presence and absence of EAFI. In addition, gen5A
and eaf1 A strains containing RPLI3A-FKBPI2, fprl A and
torl-1, but lacking an FRB-tagged allele were produced
as controls to determine the effects of completely elimi-
nating Gen5 or Eafl in strains engineered for AA experi-
ments (dubbed the AA background). Anchor-away of Eafl
in the presence of Rap conferred a modest Slg~ phenotype
in otherwise WT cells, but a more pronounced growth de-
fect in the gen5A strain (Supplementary Figure S8A(ii)).
The Slg™ phenotype given by eafl-4AA on Rap treatment is
weaker than that of eaf1 A (Supplementary Figure S8A(ii)),
suggesting incomplete nuclear depletion of Eafl by AA;
which is not unusual with the AA approach (12,34). In con-
trast, the gen5-AA allele conferred no discernible growth
defects in both EAFI and eafl A cells (Supplementary Fig-
ure S8A(i1)), suggesting that GenS AA was largely ineffec-
tive. These interpretations were supported by Western anal-
yses revealing an obvious reduction in H4-ac in Rap-treated
eafl-AA_1 vs. WT_I cells (Supplementary Figure S§B), but
little or no reduction in H3-ac in gen5-AA_1 cells (Supple-
mentary Figure S8C). Accordingly, we focused on the eaf1-
AA mutants that contain or lack GCNS.

ChIP-seq analysis of H3 was carried out as above ex-
cept that all strains were cultured for 1.5h in the presence
of Rap for AA before the addition of SM to induce Gcen4.
Heat map analysis of the H3 occupancy changes in the
WT, gen5 A, and eafl A strains in the AA background pro-
duced results very similar to those described above in Fig-
ures 1 and 2 for the corresponding WT, gen5 A, and eafl A
strains, for both SM-induced and constitutive genes (Figure
3A(1), (1), (iv)). Thus, gen5 A conferred a marked defect in
H3 eviction for the 70 SM-induced genes, a smaller defect
for the 134 induced genes, and a substantial defect only for
the small subset of most highly expressed constitutive genes
(Figure 3A(iv) top, middle and bottom). As observed above,
the eafl A mutation conferred H3 occupancy increases on
par with the effects of gen5 A for the SM-induced genes, but
relatively greater increases for the 3619 constitutive genes
(Figure 3A(ii), top, middle and bottom). Thus, the differen-
tial effects of gen5A and eaflA on H3 occupancies were
fully reproduced in the strains engineered for AA.



Nucleic Acids Research, 2023, Vol. 51, No. 8 3703

A (i (il (iv) (v)
H3 occ. change H3 occ. change H3 occ. change H3 occ. change H3 occ. change
WT- WTy genS4- WT, eafll- WT, WT- WTy yng24,- WT,
= — 0.50
3
5 0.25
o 8
28 :
- M 8
£ 8 0.00 &
% < =
S = <
35
a -0.25
©
(2]
T T T T T T T T T v v T v -0.50
-1 -05 0 05 1-1 05 O O5 1-1 05 O O5 1-1 05 O O5 1-1 -05 O o05 1
Position relative to +1 nuc. (kb)
B Constitutive genes, +SM C Constitutive genes, -SM
X3 3%
b 33 33 [_]
. %3 ~ ;.:,_
1.4 N | j o] OI I 149 gl ‘ _Q_i l § .
) : N - S : - : : : :
g1 i T T T 71T T i el S S S B
Y i N ; : : : = 1 : : : :
g 1.0 : $ : : g 10 ) . ——
2 s .E.-E. 5o 0 R ]
‘-‘ = : T : ‘-' % [ :
g o64 : 1 i i i i i g o6 : i i i
° : S e S : ° § : : :
g 04y I I ! g 04f T 5 !
I . 8 H ; ! I i
goy VT 5 8 ¢ 1 ° @021 I &} 4+
0- 0-
F £ 3§ 8 § £ @2 = g < < =
z 2 2 3 % 2 z 3 9 9 9 3
& ¢ & & S &

Median: (0.79) (0.76) (0.82) (0.89) (0.86) (0.82) (0.91)

Median: (0.79) (0.81) (0.85) (0.82) (0.91)

Figure 2. Disruption of NuA4 by deletion of EAFI generally confers greater increases in promoter nucleosome occupancies at constitutively expressed
genes compared to genSA. (A) Heat map depictions of differences in H3 occupancies on SM induction of WT cells (i) or (iv), or between mutant and WT
cells (described in Supplementary Figure S1A—-C) under inducing conditions (ii), (iii) or (iv), calculated from the combined H3 ChIP-seq data for the 3619
constitutive genes, plotted relative to the +1_Nuc dyad and color-coded as shown in the scale to the right of panel (v). Genes were sorted by their average
Rpb3 occupancies over the CDS in WTj cells (3) as summarized schematically on the far left. (B, C) Notched box plots of H3 occupancies per nucleotide
in the [—-1,NDR,+1] regions calculated from combined ChIP-seq data for each strain in (A) for the constitutive genes under inducing conditions (except
for WT shown also for uninducing conditions (B), or under non-inducing conditions (C). Asterisks signify significant differences between the two groups
connected by brackets according to the Mann—Whitney U test: ***P < 0.001; **P < 0.01, *P < 0.05. Median values are given in parenthesis below the

column labels.

For the majority of genes in all three groups, AA of Eafl
conferred relatively small increases in H3 occupancy, con-
siderably less than conferred by eafl A (Figure 3A(i1)-(iii).
However, eafl-AA clearly exacerbated the eviction defects
in gen5A cells for all three sets of genes (Figure 3A(iv)—
(v)). The additive effects of the eafl-4AA and gen5A muta-
tions is also evident in the significantly larger median H3
occupancies in the [-1,NDR,+1] intervals in the eafl-AA
genS A double mutant compared to the genS A single mutant
for both the SM-induced and constitutively expressed genes
(Figure 3B, C). Thus, although apparently incomplete, nu-
clear depletion of Eaf1 by AA was effective enough to reveal
that NuA4 functions in H3 eviction even in cells lacking

Gen5 and, hence, can contribute to promoter nucleosome
eviction independently of GenS.

Because the TSS generally resides within the +1_Nuc
(35), the latter may impose a barrier to PIC assembly that
can be overcome by its repositioning (4,5,36) in addition
to its eviction from DNA. Indeed, we showed previously
that the +1_Nucis repositioned downstream at SM-induced
genes in a manner involving both SWI/SNF and RSC (6).
Hence, we asked next whether GenS and NuA4 contribute
to this aspect of promoter nucleosome remodeling. To ex-
amine changes in nucleosome locations, we conducted H3
ChIP-seq analysis of fragments generated from cross-linked
chromatin by digestion with MNase (H3 MNase-ChIP-
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Figure 3. Additive effects of nuclear depletion of Eafl by anchor-away and deletion of GCNJ5 in impairing eviction of promoter nucleosome occupancies
at both SM-induced and constitutively expressed genes. (A) Heat maps of H3 occupancy differences on SM induction of WT cells (i), or between mutant
and WT cells (for strains engineered for anchor-away described in Supplementary Figure S8A) under inducing conditions (ii)-(v), for the three gene sets
indicated on the left, sorted by their WT Rpb3; occupancies and color-coded as in the scale to the right of panel (v). (B, C) Box plots of H3 occupancies
in the [-1,NDR,+1] intervals for the indicated strains (in A) for the 204 SM-induced genes (B) or the 3619 constitutive genes (C), treated as in (A). All
strains were treated with Rapamycin to induce nuclear depletion of Eafl (in the two eafl-AA strains) and subsequently treated with SM for inducing
conditions. (D) Elimination of GenS5 or Eafl strongly decreases promoter nucleosomes acetylated on H3 or H4, respectively, at the 204 SM-induced genes.
Box plots of spike-in normalized H3-ac occupancies normalized to total H3 occupancies, expressed relative to the average H3-ac/H3 ratio for all 5403 genes
determined in the WT_U strain, averaged over the [-1,NDR,+1] intervals for the 204 SM-induced genes. (E) same as (D) except for spike-in normalized
H4-ac occupancies normalized to total H3 occupancies, expressed relative to the average H4-ac/H3 ratio for all 5403 genes determined in the WT_U.



seq) rather than by sonication. To quantify nucleosome
shifts, we plotted the mid-points of the immunoprecipitated
nucleosome-size fragments, which approximate the posi-
tions of the nucleosome dyads. In agreement with our previ-
ous findings (6), averaging the dyad densities for all 204 SM-
induced genes revealed a downstream shift in the +1_Nuc
and an upstream shift of the —1 _Nuc, thereby widening the
NDR, on SM treatment of WT cells (Figure 4A(1)—(ii)). Ex-
amining the dyad positions at each gene individually re-
vealed median shifts of +11 and —6 bp for the +1_Nuc and
—1_Nuc, respectively, and a median increase in NDR width
of 18 bp, on induction of these genes (Figure 4B(i), -1, +1),
all in good agreement with our previous findings (6). Av-
erage plots showed that gen5A and eafl A partially reverse
the shifts in position of both the +1_Nuc and —1_Nuc un-
der inducing conditions (Figure 4A(i)—(ii)), narrowing the
NDR from its length in WT cells by 3 or 4.5 bp, respec-
tively (Figure 4B(ii1)—(iii), width changes). While these shifts
are modest, we observed a greater NDR narrowing of 8bp
in the genS A eaf1-AA double mutant, which exceeded that
given by either single mutation in the strains engineered for
AA (Figure 4C(iv) versus (i1)—(iii), width changes). The ef-
fects of gen5 A and genS Aeaf1-A A in narrowing NDRs from
those found in WT; cells is illustrated for six SM-induced
genes in Supplementary Figure S9. Interestingly, the yng2 A
mutation affecting NuA4 led to a greater NDR narrowing
compared to eafl A at the 70 induced genes, comparable in
degree to that found previously for snf2A (6) (Supplemen-
tary Figure S10C).

In keeping with their lower Pol II induction ratios, the
constitutive genes show a relatively smaller NDR widening
on induction of WT cells of only 9bp (Supplementary Fig-
ure S10A(1)) versus 18 bp for the 204 induced genes (Figure
4B(i)). Importantly, eafl A nearly reverses the NDR widen-
ing observed in WT cells (Supplementary Figure S10A (iii)
versus (1)), and gen5A and eaf1-AA conferred additive de-
creases in NDR width for the constitutive genes (Supple-
mentary Figure S10B (iv) versus (i1)—(iii)). The yng2 A mu-
tation had a smaller, but still significant effect on NDR
narrowing at the constitutive genes (Supplementary Figure
S10D) compared to that noted for the 70 induced genes
(Supplementary Figure S10C). Together, these results indi-
cate that Gen5 and NuA4 contribute to the repositioning of
promoter nucleosomes that shifts the +1_Nuc downstream
and widens the NDRs of both SM-induced and constitu-
tively expressed genes, with NuA4 playing a greater role
than Gcen5 at the constitutive genes.

NuA4 and GenS promote H3 and H4 acetylation at promot-
ers throughout the genome

Although the gen5 A and eaf1 A mutations decreased acety-
lation in bulk chromatin (Supplementary Figures S2 and
S8), we sought to determine if reductions in promoter nucle-
osomes occurred similarly in different gene groups by ChIP-
Seq analysis of acetylated H3 and H4 conducted in paral-
lel with total H3 on the same chromatin samples. Owing
to the broad reductions in acetylated histones in these mu-
tants (Supplementary Figure S2E, F), it was necessary to
‘spike-in’ S. pombe chromatin prior to immunoprecipitation
and normalize the S. cerevisiae reads to the total number of
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reads mapped to the S. pombe genome for each sample. Cal-
culating the ratios of normalized H3-ac or H4-ac to total
H3 occupancies (to control for changes in nucleosome lev-
els), we observed increased H3-ac/H3 and H4-ac/H3 ratios
in the [-1,NDR,+1] promoter intervals of the 204 induced
genes on SM treatment of WT cells (Figure 3D, E). Both
gendSA and genSA eafl-AA mutants showed dramatically
reduced levels of H3-ac/H3 (Figure 3D), and the eaflA
and gend A eaf1-AA strains showed the same effects for H4-
ac/H3 (Figure 3E), for this gene group. Similar results were
obtained for the ribosomal protein genes, shown below to be
dependent on both NuA4 and GenS for transcription, ex-
cept that they display comparatively higher levels of acety-
lated H3 and H4 in WTy cells and diminished rather than
increased acetylation on SM treatment in WTy vs WTy cells
(Supplementary Figure S11A, B). The group of all 5403 ex-
pressed genes also show declines in H3/H3-and H4-ac/H3
on SM-treatment and strong reductions in H3ac/H3 or
H4ac/H3 ratios in the gen5A and eafl A mutants, respec-
tively (Supplementary Figure S11C, D). Thus, GenS and
NuA4 are crucial for H3 and H4 acetylation in promoter
nucleosomes, respectively, throughout the genome, in agree-
ment with previous findings (16).

The simplest explanation for the effects of the gen5A
and eafl A mutations in reducing nucleosome eviction is
that it results from impaired nucleosome acetylation. If so,
we might expect to find that the degree of the two defects
are correlated. Supporting this possibility, the changes in
H3ac/H3 ratios exhibit a significant moderate inverse cor-
relation with the changes in total H3 occupancies in the two
gen5A mutants vs. WT for the 204 induced and RP genes
(P values < 0.0003) (Supplementary Figure S11E and G,
rows 1-2). The changes in H4ac/H3 ratios show a similar
inverse correlation with changes in H3 occupancies in the
genS A eafl-AA double mutant vs. WT (Supplementary Fig-
ure S11F, G).

SAGA and NuA4 are recruited to most SM-induced genes

To provide evidence consistent with a direct role for GenS
and NuA4 in nucleosome acetylation and eviction at SM-
induced genes, we conducted ChIP-seq analysis of myc-
tagged versions of the Spt7 subunit of SAGA and Eafl of
NuA4 in mutant and WT cells. Expression of the tagged
proteins was not altered by the genSA or eafl A mutations
(Supplementary Figure S12A, B). Spt7-myc occupancies in-
creased upstream of the TSS on SM treatment of WT cells
at essentially all 70 induced genes and at many of the most
highly expressed 134 induced genes (Supplementary Fig-
ure S12C(1), (i1)), whereas only low-level signals were ob-
served in a parallel analysis of an isogenic untagged strain
in the presence or absence of SM (Supplementary Fig-
ure S12D(i), (ii)). Correcting the SPT7-myc occupancies by
those measured in the corresponding untagged strain re-
vealed the recruitment of Spt7-myc in SM-induced cells at
levels that generally scale with the induced Rpb3 occupan-
cies at these gene sets (Figure 5A(i)—(ii)); and induction of
Spt7-myc occupancies on SM induction was borne out by
quantifying the occupancies in the NDRs (Figure 5B). Sim-
ilar results were obtained for Eafl-myc (Figure 5C(i), (ii);
Figure 5D). Surprisingly, higher levels of Spt7-myc were
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Figure 4. Additive effects of nuclear depletion of Eafl by anchor-away and deletion of GCNJS in reversing the repositioning of promoter nucleosomes and
NDR widening at SM-induced genes. (A) Average dyad densities of WT, gen5 A (i) or eaf1 A (il) mutant cells (using strains in Supplementary Figure S2A and
B) for the 204 SM-induced genes calculated from MNase ChIP-seq data aligned to the +1_Nuc. Midpoints (dyads) of nucleosome-size sequences (between
120 and 160 bp) were determined with respect to the +1_Nuc and summed for the 204 genes. Average profiles were smoothed using a moving average filter
with a span of 31 bp. The data were normalized internally to the average value for each data set. (B) Box plots depicting shifts in —1_Nuc or +1_Nuc positions
or changes in NDR width for the 204 SM-induced genes, calculated from H3 M Nase-ChIP-seq data by calculating changes in dyad peak positions, in WTy
versus WTy cells (1), genS Ay versus WT cells (ii) or eafl A1 versus WT cells. (C) Box plots depicting shifts in the —1_Nuc and +1_Nuc positions or changes
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with Rapamycin and SM as described in Figure 3: WTy versus WTy (1), genSAy versus WTy (ii), eafl-AAy versus WT (iii), and gen5SA Jeaf1-A Ay versus
WTi (iv). Asterisks signify significant differences between the two groups connected by brackets according to the Mann-Whitney U test: ***P < 0.001;
**P < 0.01, *P < 0.05. Median values are given in parenthesis below the column labels.
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WT, genS A or eafl A strains harboring SPT7-myc (H3587, H3591, and QZ25; described in Supplementary Figure S12B) and isogenic untagged strains
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from the isogenic untagged strains cultured identically. (A) Heat maps of corrected Spt7-myc occupancies for the indicated WT, genS A, or eafl A cultures
for the 204 SM-induced genes, divided between the 70 (upper) and 134 (lower) sets of SM-induced genes, plotted relative to the TSS and color-coded
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WT or gen5 A strains harboring EAF1-myc (H4268 and QZ21, described in Supplementary Figure S12A) and isogenic untagged strains (BY4741 and F757)
were cultured and subjected to ChIP-seq using Myc antibodies as in (A, B). Myc occupancies were corrected using the data from the isogenic untagged
strains cultured identically. Heat maps (C) and box plots (D) of log, corrected Eafl-myc occupancies are depicted as for Spt7-myc in (A, B).
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observed at the same promoter locations for many of the
induced genes in both gen5SA_1 and eafl1A_1 versus WT_I
cells (Figure 5A (iii), (iv) versus (ii); Figure 5SB). The gen5A
mutation also increased Eafl-myc occupancies somewhat
in SM-treated cells (Figure SC(iii) versus (ii); Figure 5D).
Together, these findings indicate that SAGA and NuA4
are both recruited to SM-induced genes in a manner in-
creased on induction; and raise the possibility that negative
feedback mechanisms limit recruitment of these HAT com-
plexes, wherein reduced HAT function in the gen5A and
eafl A mutants would lead to increased recruitment of the
mutant HAT complexes.

At the 3619 constitutive genes, appreciable levels of Spt7-
myc and Eafl-myc were observed upstream of the TSS
only for the most highly expressed subset of genes, and in-
terestingly, were diminished rather than induced on SM-
treatment of WT cells (Supplementary Figure S12E-F, pan-
els (ii) versus (i)). This reduction, which is particularly pro-
nounced for Eafl-myc at the RP genes (Supplementary Fig-
ure S12G, col. 2 versus col. 1), might arise from increased
competition with the highly expressed SM-induced genes
for limiting SAGA and NuA4. The Spt7-myc occupan-
cies appear to be slightly elevated in genSA_1 versus WT_I
cells (Supplementary Figure S12E, (iii) versus (ii)), as noted
above for the SM-induced genes, suggesting that the puta-
tive feedback mechanism proposed above operates, at least
for SAGA, at the most highly transcribed constitutively ex-
pressed genes.

Defects in promoter nucleosome eviction are associated with
reduced Pol IT occupancies in the HAT mutants

To evaluate the consequences of reduced promoter nucleo-
some eviction on transcription, we measured the occupan-
cies of Pol II subunit Rpbl across the CDS of all genes by
ChIP-seq, employing a spike-in of S. pombe chromatin and
an antibody (8WG16) that immunoprecipitates Rpbl from
both yeast species. Consistent with our previous results (3),
the median Rpbl occupancies increased markedly on SM
treatment of WT cells for the set of 204 SM-induced genes
(Figure 6A), reflecting their transcriptional induction. Im-
portantly, both gen5 Ay and eaf1 Ay cells display reduced me-
dian Rpbl occupancies versus WT cells (Figure 6A). While
eafl-AA had a smaller effect compared to eaf! A, it signifi-
cantly exacerbated the reduction conferred by gen5 A in the
double mutant (Figure 6A), consistent with additive effects
of Gen5 and NuA4 in promoting transcription of the SM-
induced genes.

To compare the broader impacts of gen5A and eafiA
on transcription, we examined their effects on transcrip-
tion of the 3619 constitutive genes. As expected, these genes
do not exhibit increased Rpbl occupancies on SM treat-
ment; rather, they display a reduced median Rpbl occu-
pancy (Figure 6B), which might result from increased com-
petition for limiting factors imposed by the highly induced
Gcend target genes, as suggested above for SAGA (Spt7-
myc) and NuA4 (Eafl-myc) occupancies. Interestingly, the
eafl A mutation conferred a larger reduction in the median
Rpbl occupancies at the constitutive genes than did gen5 A
and combining gen5 A with eafi-AA in the double mutant

did not exacerbate the marked reduction given by eaf1-4A4
alone (Figure 6B)—Dboth observations suggesting a minor
role for GenS in transcription of the constitutive genes.

To explore whether Gen5 might have a greater impact
on the more highly transcribed subset of constitutively ex-
pressed genes, we divided the 3619 constitutive genes into
ten equal deciles according to their relative Rpb3 occu-
pancies in WTj cells (3), from highest (decile D1) to low-
est (D10) values. Examining promoter nucleosome eviction
first revealed that gen5A conferred moderate increases in
H3 occupancies in the [-1,NDR,+1] intervals for all ten
deciles of genes (Supplementary Figure SI13A). Interest-
ingly, however, gen5A produced an appreciable reduction
in median Rpbl occupancies (of ~33%) only for decile
D1 (with the highest Rpb3 occupancies), while conferring
smaller reductions ranging from 17% to 6% for deciles D2-
D7, and little or no reduction for deciles D8-D10 (Fig-
ure 6C). Thus, only the most highly expressed constitu-
tive genes are transcriptionally impaired by gcn5A in the
manner shown above for the SM-induced genes. The eaf7 A
mutation also produces increased promoter H3 occupan-
cies across deciles 1-10 (Supplementary Figure S13B), to
a greater degree than does gen5A (Supplementary Figure
S13A), in agreement with the heat-map depictions of H3
changes for these mutants shown above (Figure 2A). More-
over, eaf1 A confers larger and broader reductions in median
Rpbl occupancies, ranging from ~66% to ~25% for D1 to
D10, respectively (Figure 6D), which stands in contrast to
the comparable effects of eafl A and gen5A on Rpbl occu-
pancies for the SM-induced genes (shown again for com-
parison in cols. 1-2 of Figure 6C-D).

To explore whether reductions in Rpb1 occupancies con-
ferred by gcnS A are associated with defects in promoter nu-
cleosome eviction, we sorted the SM-induced genes accord-
ing to their increases in H3 occupancies in the [-1,NDR,+1]
intervals in gend Ay versus WTy cells (Figure 7A(1) (top and
bottom maps) and plotted the corresponding changes in
Rpbl occupancies for the same gene order (Figure 7A(i1)).
The results revealed a tendency for the subsets of both
groups of SM-induced genes exhibiting the greatest defects
in promoter nucleosome eviction conferred by genSA (at
the top of the maps in Figure 7A) to also exhibit larger re-
ductions in Rbpl occupancies (Figure 7A(ii)). Consistent
with these maps, the changes in Rpbl and H3 occupancies
conferred by gen5A show a highly significant negative cor-
relation for the 70 SM-induced genes (p = —0.66, P < 1
1 x 1077; Figure 7B). A similar negative correlation was ob-
served between changes in H3 and Rpbl occupancies con-
ferred by eafl A for these genes (Figure 7C, D; p = —0.60,
P =1 x 1077). These results are consistent with the idea
that defective nucleosome eviction is one contributing fac-
tor in the transcriptional reductions conferred by gen5A
and eafl A during induction of the 70 SM-induced genes.
Significant, but smaller negative correlations were found for
the entire group of 204 genes for both gen5SA (p = —0.40,
P =3 x 107 and eaf1A (p = —0.24, P = 0.0008), which
might suggest a greater impact on nucleosome repositioning
versus eviction, or of recruitment of other co-factors versus
nucleosome eviction for the 134 induced genes in the two
HAT mutants.
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Figure 7. Evidence that defects in promoter nucleosome eviction conferred by gen5A and eafl A contribute to reduced Pol II occupancies at the 70 SM-
induced genes. (A) Heat-maps of changes in H3 or Rpbl occupancies (spike-in normalized) conferred by gen5A for the SM-induced genes in induced cells
for the 70 and 134 SM-induced genes, each sorted separately according to increases in promoter H3 occupancies between gen5A; and WTy cells from
greatest (top) to least (bottom). Differences in occupancies are color-coded as shown by the scale on the right of each panel. (B) Scatterplot of fractional
changes in spike-in normalized Rpbl occupancies (Rpbl_gen5A; — Rpbl_WTy)/Rpb1_WTy) vs. changes in H3 occupancies (H3_-gen5A; — H3_WTy) for
the 70 SM-induced genes. Spearman coefficient and P-value for the accompanying correlation analysis are indicated. (C, D) Identical analyses as in (A, B)
except for the changes in H3, and Rpbl occupancies conferred by the eafl A mutation. Strains described in Supplementary Figure S8A were employed for

all panels.

Diminished Pol IT occupancies conferred by gcn5A are asso-
ciated with reduced TBP recruitment at SM-induced genes

We asked next whether reductions in Pol IT occupancies ob-
served in the HAT mutants might result from diminished
promoter occupancies of TATA-binding protein (TBP), a
critical component of the PIC. ChIP-seq analysis of na-
tive TBP showed a strong SM-induction of TBP occupan-
cies in WT cells, averaged over all 204 induced genes, at the
expected location upstream of the TSS (Figure 8A). This
induction of TBP binding was confirmed for the individ-
ual genes by quantifying the TBP occupancies in the 201
bp intervals surrounding the summits of each TBP peak
(Figure 8B); and heat map analysis revealed that induction
of TBP occupancies strongly parallels increases in relative
Pol IT occupancies at the individual genes for the groups of
SM-induced genes (Figure 8C (1)-(ii)). Consistent with this,
the TBP and Rpbl occupancies at all 204 induced genes in

WT_I cells were highly correlated (p = 0.75, P < 1 x 1077),
supporting the idea that induced Pol IT occupancies reflects
increased transcription initiation driven by increased PIC
assembly. Importantly, the gcn5 A mutation reduced the av-
erage and median TBP occupancies at these genes (Fig-
ure 8A, B); and the reductions in TBP and Rpbl occupan-
cies conferred by gen5 A were well-correlated for the 204 in-
duced genes (p = 0.59, P < 1 x 1077) as expected if defec-
tive TBP recruitment contributes to reduced transcription
in this HAT mutant. Sorting the SM-induced genes accord-
ing to their increased promoter H3 occupancies in gens Aj
versus WT cells (as done above in Figure 7A) revealed the
largest decreases in TBP occupancies conferred by gen5A
for the genes at the top of the map exhibiting the greatest
defects in H3 eviction for the group of 70 genes (Figure
8D, top sector). Consistent with this, the changes in TBP
and promoter H3 occupancies produced by gen5A show a
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Figure 8. Gen5 and Eafl cooperate in promoting TBP recruitment at SM-induced and highly transcribed constitutive genes. (A) Average TBP occupancies
calculated from combined TBP ChIP-seq data from three biological replicates plotted relative to the TSS at the 204 SM-induced genes for the indicated
strains. (B) Box plot of TBP occupancies for the indicated strains calculated from combined ChIP-seq data from three biological replicates for the 116
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(C) Difference maps for induced versus uninduced WT cells for the groups of 70 (upper) and 134 (lower) SM-induced genes, sorted by their WT1 Rpb3
occupancies for (i) relative Rpbl occupancies averaged over the CDS or (ii) relative TBP occupancies surrounding the TSS, with the respective occupancy
differences color-coded as in the scales to the right of each map. (D) TBP occupancy difference maps for gen5A; versus WTy cells for the 70 (upper)
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(F), for only the first two deciles of these genes containing the highest levels of Rpb3 in WTj cells (G), or for the RP genes (H), calculated by averaging the
TBP occupancies over the intervals —150 bp to +100 bp surrounding the TSSs of the relevant genes. (I) Rpbl (spike-in normalized) and TBP occupancy
difference maps for gen5 Ay versus WTr cells (left) or eafl Ay versus WTy cells (right) for the constitutive genes in Deciles 1-2 sorted according to their
Rpb3 occupancies in WT_I cells. Strains described in Figure 1 were employed for all panels except (J), where strains described in Supplementary Figure
S8A were used.
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significant negative correlation for these genes: p = —0.48,
P =4 x 107> (Figure 8E). (The TBP occupancies at the
134 SM-induced genes are too low to evaluate whether their
changes are correlated with H3 increases.) These findings
suggest that defective promoter nucleosome eviction con-
tributes to the defects in PIC assembly and transcription
conferred by gen5A at the most highly induced subset of
SM-induced genes. As noted above, defects in nucleosome
repositioning or recruitment of other co-factors might also
contribute to the diminished TBP recruitment in genSA;
versus WTj cells. Increased promoter H3 occupancies as-
sociated with decreased TBP binding to the promoter and
diminished Rpbl in the CDS in gend Ay versus WT cells is
illustrated for two SM-induced genes in Figure 9A, B.

Gcen5 and Eafl cooperate in TBP recruitment at highly tran-
scribed constitutively expressed genes

For the two SM-induced genes shown in Figure 9A, B, the
eafl A mutation resembled gend A in conferring reductions
in both TBP and Rpbl occupancies coupled to increased
promoter H3 occupancies. However, eafl A did not reduce
either the averaged or median TBP occupancy for the en-
tire cohort of 204 SM-induced genes (Figure 8A, B). In
contrast, eafl/ A reduces median TBP occupancies for all
3619 constitutive genes, exceeding the small reduction con-
ferred by gen5A (Figure 8F), whereas eaflA and gen5A
produce comparable reductions in TBP occupancy at the
most highly expressed constitutive genes in deciles D1-D2
(Figure 8G) and at the RP genes (Figure 8H). Moreover,
the reductions in TBP recruitment at the D1-D2 genes are
strongly associated with reductions in normalized Rpbl
occupancies in both HAT mutants (Figure 8I). Increased
promoter H3 occupancies associated with decreased TBP
binding and Rpbl occupancies in the CDS in gen5 Ay and
eafl Ay versus WT cells is illustrated for two RP genes and
a third constitutively expressed gene (M FAI) in Supplemen-
tary Figure S14A-C.

The finding that eaf7 A had little effect on TBP recruit-
ment at the SM-induced genes (Figure 8§B) while reducing
Rpbl occupancies at these genes on par with gen5A (Fig-
ure 6A) probably results from the fact that we could not
normalize the TBP occupancies using the S. pombe chro-
matin spike-in in the manner accomplished for Rpbl1 as the
TBP antibodies do not immunoprecipitate S. pombe TBP.
(We attempted to use non-specific immunoprecipitation of
S. pombe chromatin by these antibodies for normalization
but this was unreliable and dramatically increased the vari-
ance between biological replicates.) If absolute levels of TBP
recruitment are reduced by eaf A at the SM-induced genes
to a degree similar to the average reduction seen at most
other genes, then we would expect to observe no decrease in
relative TBP occupancies compared to the average gene. In
fact, this result was obtained for Pol II occupancies when
we employed Rpbl or Rpb3 ChIP-seq data that was not
spike-in normalized (Supplementary Figure S13C, D). It
is likely therefore that eaf7 A reduces absolute TBP occu-
pancies at the SM-induced genes similar in degree to that
observed at most other genes, eg. the large group of con-
stitutively expressed genes (Figure 8F). Supporting this in-
terpretation, we observed a strong positive correlation be-

tween changes in TBP and Rpb1 occupancies conferred by
eaf1 A for all 204 SM-induced genes (p =0.72, P =0), in the
manner expected if impaired TBP recruitment contributes
to reduced transcription in eafl A cells. Together, our find-
ings are consistent with the idea that enhancing TBP re-
cruitment is an important aspect of both GenS and NuA4
functions in stimulating transcription initiation, which is ex-
ecuted broadly by NuA4, but restricted to highly expressed
constitutive genes and the SM-induced transcriptome for
GenS.

Gcen5S and NuAd4 enhance recruitment of mediator at SM-
induced genes

Mediator is a key cofactor involved in recruitment and ac-
tivation of Pol IT (37), and we and others showed previ-
ously that Mediator is recruited by Gen4 and is necessary
for robust activation of Gen4 target genes in SM-starved
cells (38-43). Hence, we asked next whether the reductions
in transcription conferred by the HAT mutations are asso-
ciated with defects in Mediator recruitment by conducting
ChIP-seq analysis of a myc-tagged version of the Srb6 sub-
unit. Myc-tagging of Srb6 in the WT, gen5A, and eafl A
strains had no detectable effects on cell growth in the pres-
ence or absence of SM (Supplementary Figure S15A). In
WT cells, Srb6-myc occupancies increased upstream from
the TSS and scaled with the induced Rpb3 levels at most of
the 70 SM-induced genes, whereas lower levels of Srb6-myc
were induced upstream of a subset of the 134 induced genes
(Figure 10A(i), (i1)). Interestingly, both genSA and eaflA
reduced Srb6-myc occupancies under inducing conditions
for the majority of the SM-induced genes that exhibit appre-
ciable Srb6-myc occupancies in WT_I cells (Figure 10A (iii)—
(iv) versus (ii); Figure 10B). Whereas gecn5 A did not appear
to alter expression of Srb6-myc, eafl A produced an ~40%
reduction in steady-state Srb6-myc levels (Supplementary
Figure S15B), which might contribute to the reduced Srb6-
myc occupancies observed in the eafl A mutant.

Genes that utilize SAGA or TFIID redundantly and highly
transcribed TFIID-dependent genes are similarly hyperde-
pendent on both GenS and NuA4 for promoter nucleosome
eviction

Having identified differential requirements for GenS and
NuA4 at different genes, we sought to examine the proper-
ties of genes exhibiting greater requirements for one of these
two HATs in promoter H3 nucleosome eviction. Identify-
ing genes exhibiting a >1.4-fold increase in H3 occupan-
cies in the [-1,NDR,+1] intervals in the genSA, eafl A, or
gend Aeafl-AA mutants compared to WT under inducing
conditions, we observed highly significant overlaps among
the resulting three groups of genes that appear to be hyper-
dependent on GenS (GenS-Hyp), on Eafl (Eafl-Hyp), or
on either one of the two factors (GenS/Eafl-Hyp), for nu-
cleosome eviction (Figure 11A). In particular, ~75% of the
215 GenS-Hyp genes also belong to the group of 405 Eafl-
Hyp genes (Figure 11A), implying that genes with a height-
ened dependence on one of these HATs tend to similarly
require the other for robust promoter nucleosome eviction
in WT_I cells. Supporting this idea, the gcn5A and eafl A
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demarcate the [-1,NDR,+1] intervals upstream of the genes.
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regions for the SM-induced gene groups and the indicated strains/conditions.

mutations both produce marked increases in median H3
promoter occupancies and substantial decreases in Rpbl
occupancies for both the GenS-Hyp and Eaf1-Hyp gene sets
(Figure 11C-D). Consistent with the functional cooperation
between Gen5 and NuA4 shown above for the SM-induced
genes (Figure 3B), these 204 genes are ~4- to 6-fold enriched
for both Gen5-Hyp and Eafl-Hyp genes (Supplementary
Figure S16A); and 58 of the 70 SM-induced genes are hyper-
dependent on GenS, Eafl, or both HATs (Figure 11B; Table
1). As expected from the latter, gene ontology (GO) analysis
reveals that Gen5-Hyp and Eafl-Hyp groups are enriched
for genes involved in amino acid biosynthesis (Table 2). In
contrast to the SM-induced genes, the group of 3619 Con-
stitutive genes are slightly depleted for both Gen5-Hyp and
Eafl-Hyp genes (Supplementary Figure S16B). A differ-
ent conclusion emerged however if we considered the most
highly transcribed subset of the Constitutive genes exhibit-
ing Rpb3 occupancies in WTj cells greater than one stan-
dard deviation above the mean (Z score > 1). This highly ex-
pressed (hex) subset exhibits significant overlaps for the cor-

responding hex subsets of GenS-Hyp and Eafl-Hyp genes
(Supplementary Figure S16C). Thus, both SM-induced and
highly-expressed constitutive genes tend to be hyperdepen-
dent on both GenS and Eafl for promoter nucleosome
eviction.

Interestingly, both the GenS-Hyp and Eafl-Hyp genes
are enriched for a group of 655 genes previously designated
by Hahn et al. as being coactivator-redundant (CR) (Sup-
plementary Figure S16D), which exhibit overlapping con-
tributions from SAGA or TFIID for an important function
predicted to be TBP recruitment (44). Similar enrichments
were observed between a group of 577 genes identified by
Pugh et al. as being ‘SAGA-dominated’ (45) (Supplemen-
tary Figure S16E), which is expected from the substantial
overlap between the CR and SAGA-dominated gene sets
(P = 6 x 1071%). Consistent with these results, the 204
SM-induced genes are also highly enriched for both CR
(P =3 x 107%) and SAGA-dominated genes (3 x 1073).
Moreover, the gen5A and eafl A mutations both confer
marked increases in median promoter H3 occupancies and
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Figure 11. Genes hyperdependent on Gen5 or Eafl for promoter nucleosome eviction frequently require both HATs and chromatin remodelers SWI/SNF
for robust eviction in WT cells. (A) Venn diagram depicting overlaps of gene sets that are hyperdependent on Gen5 (blue), Eafl (green), or both proteins
(magenta) in promoter nucleosome eviction genome-wide. The three sets contain the genes showing > 1.4-fold increases in mean H3 occupancies per bp in
the [-1,NDR,+1] in gen5 Ay (GenS-Hyp), eafl Ar (Eafl-Hyp), or gen5 Areaf1-A Ay (Gen5/Eafl-Hyp) mutants versus WT cells, determined by H3 ChIP-seq
analysis of 3 biological replicates each of the WT or mutant strains engineered for anchor-away under inducing conditions. The degree and significance (P
value) of each overlap was assessed using the hypergeometric distribution function and inserted between the labels for the two sets being compared, eg. the
GenS-Hyp and Eafl-Hyp groups are 9.9-fold enriched for each other with a P value of 4 x 107143, (B) Venn diagram depicting the distribution of the 70
SM-induced genes among the GenS-Hyp, Eafl-Hyp, and GenS/Eafl-Hyp groups from (A). Only 12 genes, belonging to the fourth (grey) set do not belong
to any of the hyperdependent groups. (C—E) Box plots of H3 occupancies in the [-1,NDR,+1] intervals (C), logo Rpbl occupancies (spike-in normalized) in
the CDS (D), or log, TBP occupancies in the [-150 to +100] intervals surrounding the TSSs (E) for Gen5-Hyp or Eafl-Hyp genes defined as in (A). Strains
described in Supplementary Figure SSA were employed for all panels. (F) Overlaps between the Gen5-Hyp and Eaf1-Hyp groups and a similarly defined
group of genes hyperdependent on SWI/SNF (Snf2-Hyp) exhibiting > 1.4-fold increases in H3 occupancies averaged over the [-1,NDR,+1] intervals in
snf2 Ay vs WT cells in our previous study (6).
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Table 1. Overlap between the 70 SM-induced genes and genes hyperde-
pendent on GenS or Eafl for promoter histone eviction?

Table 2. GO analysis of genes hyperdependent on GenS5 or Eafl for pro-
moter nucleosome eviction®

Overlaps between the 70 SM-induced genes and groups:
Non-overlapping

GenS-Hyp Eafl-Hyp Gen5/Eafl-Hyp genes
YBR145W YBR145W YBR145W YBRO047W
YBR248C YBR218C YBR218C YDRO043C
YBR249C YBR248C YBR249C YDRS31W
YCL030C YBR249C YCLO030C YGL184C
YDL025C YCLO030C YCRO005C YIL116W
YDLI182W YCRO005C YDL025C YIL117C
YDRI127W YDLI31W YDLI31W YJLOS8W
YDR354W YDLI182W YDLI182W YJR109C
YDR379C-A YDRI127W YDL198C YLL048C
YDR380W YDR354W YDRI127W YLR304C
YERO052C YDR379C-A YDR354W YOLO084W
YERO053C YDR380W YDR379C-A YOR303W
YER175C YER052C YDR380W
YFLO14W YERO055C YERO052C
YFL026W YERO06OW YERO053C
YGLO032C YER175C YERO055C
YGLI117W YFL026W YER175C
YGL202W YGLO032C YFL014W
YHRO018C YGLI17W YFL026W
YHR022C YGL186C YGLO032C
YILO15W YGL202W YGLI17TW
YILOS1C YGR161C YGLI186C
YJR148W YHRO018C YGL202W
YKLO035W YHRO022C YGROSSW
YKL211C YILO15SW YHRO18C
YLLO028W YILO51C YHRO022C
YLR120C YIR148W YHRI162W
YLR258W YJR154W YILO15W
YLR452C YLLO28W YILOS1C
YMRO062C YLR120C YIR148W
YMR251W-A YLR452C YKLO35W
YNLO036W YMR062C YKL211C
YNL104C YMR251W-A YLLO028W
YNL125C YNLO36W YLR120C
YNRO069C YNL104C YLR258W
YOLO052C-A YNLI125C YLR452C
YOLI119C YNRO069C YMRO062C
YOR130C YOLO052C-A YMR251W-A
YOR230W YOLO58W YNLO36W
YPLI135W YOR130C YNL104C
YPL250C YOR230W YNL125C
YPL264C YOR337W YNRO044W
YPRO36W-A YPLI135W YNRO069C
YMR251W-A YPL250C YOLO052C-A
YOLO052C-A YPRO36W-A YOL119C

YOR130C

YOR221C

YOR230W

YOR337W

YPL135W

YPL250C

YPL264C

YPRO36W-A

4Data summarized schematically in Figure 11B.

reductions in both Rpbl and TBP median occupancies at
the CR genes; with eafl A producing somewhat larger de-
fects than gen5 A for H3 and Rpbl (Supplementary Figure
S17A-C, CR).

The Gen5-Hyp and Eafl-Hyp genes are somewhat de-
pleted (between 1.4-fold and 2-fold) for the much larger
group of genes dubbed ‘TFIID’-dependent by Hahn et al.
(44), which rely primarily on TFIID for the function shared

Category P-value k f

215 GenS-Hyp genes, P < 0.05, with
Bonferroni correction

Cellular amino acid biosynthetic process
[GO:0008652]

Translation [GO:0006412]

Metabolic process [GO:0008152]

405 Eafl-Hyp genes, P < 0.05, with
Bonferroni correction

Translation [GO:0006412]

Cellular amino acid biosynthetic process
[GO:0008652]

Maturation of SSU-rRNA from
tricistronic rRNA transcript
(SSU-rRNA, 5.8S rRNA, LSU-rRNA)
[GO:0000462]

Ribosomal small subunit assembly
[G0O:0000028]

rRNA export from nucleus [GO:0006407]

1.7 x 1072 18 98
1.2 x10°° 28 318
2.1 x 107° 33 425
<1x107" 104 318
22x 10712 28 98

8.8 x 1079 18 60

1.7 x 1078 9 14

1.8 x 10~8 12 27

2Conducted at http://funspec.med.utoronto.ca/cgi-bin/funspec. k£, number
of genes in the GO category present in the Hyp group; f, number of genes
in the GO category in the genome. P-values represent the probability that
the intersection of the lists of Hyp genes with the given GO category oc-
curs by chance. The Bonferroni-correction divides the P-value threshold,
that would be deemed significant for an individual test, by the number of
tests conducted and thus accounts for spurious significance due to multiple
testing over the categories of a database.

between TFIID and SAGA. However, examining the 170
most highly expressed hexTFIID-dependent genes reveals
strong enrichments for Gen5-Hyp and Eafl-Hyp genes,
comparable to that seen for the most highly expressed sub-
set of CR genes (Supplementary Figure S16F, G). Hence,
the most highly expressed TFIID-dependent genes resemble
the CR and SAGA-dominated genes in being strongly de-
pendent on both Gen5 and Eafl for promoter nucleosome
eviction.

Whereas gen5A and eafl A both confer defects in pro-
moter nucleosome eviction at the entire group of TFIID-
dependent genes (Supplementary Figure S17A, TFIID-
dep); NuA4 is much more important than Gen5 for TBP re-
cruitment and transcription at these genes (Supplementary
Figure S17B, C, TFIID-dep). The findings that GenS and
NuA4 function comparably to stimulate transcription of
CR genes, whereas NuA4 is more crucial than GenS5 at the
entire group of TFIID-dependent genes, are similar to our
conclusions above for the SM-induced versus Constitutive
genes (Figure 6C, D). An exception to this generalization
emerged from interrogating the 136 genes encoding riboso-
mal proteins. Although 95% of these RP genes belong to the
TFIID-dependent group (44), they are ~5-fold enriched for
the Gen5-Hyp genes (Figure 12A) and show a much larger
reduction of Rpbl and TBP occupancies in gen5A cells
(Figure 12C, D) compared to the TFIID-dependent genes
on the whole (Supplementary Figure S17B, C, TFIID-dep).
They are also highly enriched in Eafl-Hyp genes (Figure
12A) and strongly dependent on Eafl for robust H3 evic-
tion, TBP recruitment and transcription (Figure 12B-D).
Thus, the RP genes represent a subset of TFIID-dependent
genes exhibiting an atypically strong requirement for both
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Figure 12. Ribosomal protein genes exhibit strong requirements for both Eafl /NuA4 and GenS for promoter nucleosome eviction, TBP recruitment and
Pol II occupancies. (A) Venn diagram depicting the overlaps and enrichments of the GenS-Hyp (blue) and Eafl-Hyp (green) gene sets, defined in Figure
12A, with the 136 ribosomal protein (RP) genes (dark grey). (B-D) Box plots of H3 occupancies in the [-1,NDR,+1] intervals (B), logo Rpb1 occupancies
(spike-in normalized) in CDS (C), or log, TBP occupancies in the [-150 to + 100] intervals surrounding the TSSs (D) for the RP genes, for the indicated
strains and conditions. Strains described in Supplementary Figure S§A were employed for all panels.

Gcen5 and NuA4 for robust promoter nucleosome eviction,
PIC assembly, and transcription. This agrees with the fact
that ~80% of the RP genes are among the most highly-
expressed genes in WTj cells (Rpb3 Z-score > 1) and com-
prise 60% of the most highly expressed TFIID-dependent
genes analyzed in Supplementary Figure S16G.

The results just described indicate that the SM-induced
genes, CR genes, and RP genes are enriched for genes
hyperdependent on Gen5 or Eafl, and they depend al-
most equally on Gen5 and Eafl/NuA4 for WT promoter
nucleosome eviction and transcription; whereas the much
larger groups of TFIID-dependent genes and 3619 Con-
stitutive genes depend more heavily on Eafl /NuA4. Con-
sistent with these conclusions, the SM-induced, CR or
SAGA-dominated, and most highly expressed subset of the
TFIID-dependent genes are enriched for the 5-6% of all
genes exhibiting the highest occupancies of SAGA (Spt7-
myc) or NuA4 (Eafl-myc) in their NDR regions (Supple-
mentary Figure SISA-D). Moreover, the latter ~exTFIID-
dependent genes show comparable, high-level median occu-
pancies for both Spt7-myc and Eafl-myc (Supplementary

Figure S18E), whereas the much larger group of weakly ex-
pressed TFIID-dependent genes have detectable occupan-
cies only for Eafl-myc much lower than observed at the
hexTFIID genes (Supplementary Figure S18E versus F).
Thus, the relative occupancies of Spt7-myc versus Eafl-
myc generally correlate with the requirements for SAGA or
NuA4 for promoter nucleosome eviction and transcription.

Genes hyperdependent on GenS and NuA4 are similarly de-
pendent on SWI/SNF and RSC for promoter nucleosome
eviction

We showed previously that the chromatin remodelers
SWI/SNF and RSC display extensive functional coop-
eration in nucleosome eviction at both SM-induced and
highly transcribed constitutively expressed genes (6), which
led us to examine here whether genes hyperdependent on
the HATs GenS and NuA4 also generally exhibit height-
ened requirements for these two remodelers. Interrogating
our previous H3 ChIP-seq analysis (6) of eliminating Snf2
(by snf2A) or depleting Sthl (by transcriptional repres-
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sion of Pygp-STHI)—catalytic subunits of chromatin re-
modelers SWI/SNF and RSC, respectively—we identified
genes hyperdependent on Snf2, Sthl, or either factor show-
ing >1.4-fold increased H3 occupancies in the snf2 Ay, Prer-
STHI or Prer-STHI1snf2 A mutants versus WT cells. Re-
markably, there are highly significant overlaps between the
three groups of genes hyperdependent on Snf2 or Sthl
and the corresponding Gen5-Hyp and Eafl-Hyp groups,
which is particularly striking for the Snf2-Hyp group (Fig-
ure 11F & Supplementary Figure S1I9A-B). Furthermore,
we found significant positive correlations between increases
in promoter H3 occupancies conferred by (i) snf2A ver-
sus genSA, (i) depletion of Sthl by Prer-STHI versus
eafl A, and (ii1) the Prgr-STHI1snf2A and genSAeafl-AA
double mutations, for the 70 SM-induced genes (Supple-
mentary Figure SI9C-E). All together, our findings sug-
gest that SWI/SNF and RSC frequently cooperate with
GcenS/SAGA and NuA4 in nucleosome eviction at both
SM-induced genes and the most highly transcribed consti-
tutive genes in SM-induced WT cells.

DISCUSSION

In this report, we have investigated which of several HATs
are most critically required for eviction of promoter nucleo-
somes and attendant induction of transcription at the group
of ~200 genes induced by amino acid starvation, most of
which are activated by transcription factor Gen4. We em-
ployed ChIP-seq analysis of histone H3 to monitor eviction
of the H3-H4 tetramer in the nucleosome core from pro-
moter regions, of H3-ac and H4-ac to evaluate acetylation
of promoter nucleosomes, and of TBP and Pol II subunits
Rpb3 or Rpbl to assess PIC assembly and transcription.
Comparing mutant strains with deletions of the HAT sub-
units of SAGA (Gcen)), or NuA3 (Sas3), the HAT Rtt109,
or two subunits of NuA4 (Eafl and Yng2), of which Eafl
is required for NuA4 integrity, we identified strong require-
ments for GenS and NuA4, but minor roles for Rtt109 and
Sas3, in promoter H3 eviction at the SM-induced genes. Ex-
amining the much larger group of 3619 constitutively ex-
pressed genes revealed that NuA4 plays a greater role than
Gcen$, and that Rtt109 and Sas3 function comparably to
Gen5 in performing ancillary roles in promoter nucleosome
eviction at these genes. Overall, we found that NuA4 acts
more broadly than the other HATs in promoter nucleo-
some eviction, but that GenS5 functions on par with NuA4
at the SM-induced genes, the CR group of genes, and the
most highly transcribed subset of TFIID-dependent genes
that includes most RP genes. Deletion of GCNS5 or EAFI
broadly reduced H3 and H4 acetylation, respectively, at pro-
moter nucleosomes throughout the genome. Despite strong
decreases in H3-ac/H3 and H4-ac/H3 ratios, the degree of
reduced acetylation and impaired nucleosome eviction was
significantly correlated in both gen5A and eafl A cells at
SM-induced genes, as expected if reduced histone acetyla-
tion is an important determinant of impaired nucleosome
eviction in these mutants.

We also sought to implicate Gen5 and Eafl in nucleo-
some eviction following their rapid depletion from the nu-
cleus by AA. The eaf1-A A4 mutation led to elevated H3 oc-
cupancies at the various genes affected by eafl A, but to a

lesser degree compared to the deletion allele, as would be
expected from incomplete depletion of Eafl from the nu-
cleus. Consistent with this, eaf7-4A4 conferred a smaller re-
duction than eaf1 A in bulk acetylated H4 as judged by west-
ern blot analysis. Despite this limitation, AA of Eafl clearly
exacerbated the promoter nucleosome eviction defect pro-
duced by gen5A in the gen5A eafi-AA double mutant for
all groups of genes tested. This finding indicates that Gen5
and NuA4 make independent, cumulative contributions to
promoter nucleosome eviction throughout the genome. We
also attempted to characterize the effects of AA of GenS;
however, the gcn5-AA allele produced little or no reduction
in bulk acetylated H3 and could not be pursued further.

Our MNase-ChlIP-seq analysis of mutants lacking or de-
pleted of GenS or Eafl indicated that these HATs also con-
tribute to the re-positioning of the —1 and +1 promoter nu-
cleosomes, which serves to widen NDRs in WT SM-treated
cells by a median value of ~20 bp. As the TSS frequently
lies just inside the upstream boundary of the +1 nucleo-
some, this repositioning is expected to enhance PIC assem-
bly in the fraction of promoters where eviction of nucleo-
somes is incomplete. The individual contributions of Gen5
and NuA4 to the repositioning are modest, although the
degree of NDR narrowing observed in the eafi-AA gen5A
double mutant is comparable to that we reported previ-
ously for cells lacking SWI/SNF function (6). In that re-
port we also showed evidence that SWI/SNF and the essen-
tial remodeler RSC have additive functions in both repo-
sitioning and evicting promoter nucleosomes, as a double
mutant impaired for both remodelers exhibited greater de-
fects versus the single mutants. Here we found that genes
with a heightened dependence on GenS or Eafl for pro-
moter nucleosome eviction, which overlap extensively and
include both SM-induced and highly transcribed consti-
tutively expressed genes, tend to be similarly hyperdepen-
dent on SWI/SNF and RSC. Moreover, the degree of in-
creased nucleosome occupancies conferred by gen5A and
eafl A are correlated with those given by eliminating or de-
pleting the catalytic subunits of these remodelers at SM-
induced genes. Thus, it appears that multiple remodelers
and HATSs functionally collaborate in both repositioning
and evicting the -1 and + 1 nucleosomes at both SM-
induced and highly expressed constitutive genes. We fur-
ther showed here that both SAGA (Spt7-myc) and NuA4
(Eaf1-myc) are recruited to many SM-induced and highly
transcribed constitutive genes, as demonstrated previously
for SWI/SNF and RSC (6), providing evidence that these
multiple cofactors all function directly to enhance promoter
nucleosome remodeling. Whether they act simultaneously
or sequentially at the same promoters remains an open
question.

In accordance with the contributions of Gen5 and
Eafl/NuA4 to ejecting promoter nucleosomes at SM-
induced genes, eliminating each HAT reduced Pol II oc-
cupancies at these genes, as judged by spike-in normalized
Rpbl ChIP-seq. Moreover, these reductions showed a sig-
nificant inverse correlation with defects in H3 eviction in
both gen5SA and eafl A cells. gen5 A also conferred reduced
TBP occupancies in the promoter regions of SM-induced
genes, similar in magnitude to the reductions in Pol II oc-
cupancies. These findings are consistent with the idea that



eliminating GenS or NuA4 impairs promoter nucleosome
eviction with attendant reduced PIC assembly and dimin-
ished transcription initiation at SM-induced genes. It seems
likely that impaired nucleosome sliding (versus eviction)
and reduced recruitment of one or more other cofactors
by acetylated H3/H4 tails also contribute to the diminished
transcription of these genes in both HAT mutants.

In agreement with conferring relatively stronger defects
in histone eviction at the 3619 constitutively expressed
genes, eafl A produced a greater reduction in Rpbl oc-
cupancies compared to gen5A for this large gene cohort.
The eafl A mutation also conferred a broader reduction
in TBP occupancies compared to gen5A at the constitu-
tively expressed genes. However, GenS functions on par with
Eafl/NuA4 in both TBP recruitment and transcription at
the most highly transcribed subset of constitutive genes, in-
cluding the RP genes, just as we observed at SM-induced
genes. The relative importance of GenS and NuA4 for TBP
recruitment and transcription generally scales with their
contributions to promoter nucleosome eviction at the re-
spective genes, providing additional evidence that nucleo-
some ¢jection is an important aspect of their stimulatory ef-
fects on PIC assembly and transcription. Note that we can-
not eliminate the possibility that reductions in PIC assembly
or transcription conferred by impairing GenS and NuA4,
which do not involve diminished nucleosome acetylation or
eviction, could lead indirectly to increased nucleosome oc-
cupancies in promoters.

As mentioned, the genes with heightened dependence on
Gen5 or Eafl /NuAd4 for promoter nucleosome eviction (the
GcenS-hyp and Eafl-hyp groups) are also generally hyper-
dependent on the other HAT for WT levels of nucleosome
eviction. This functional overlap is prominent for the SM-
induced genes, the CR group of genes that utilize both
SAGA and TFIID as cofactors, and the subset of the most
highly transcribed TFIID-dependent genes, which includes
most RP genes. It was possible that Gen5 and NuA4 would
have completely redundant functions, such that eliminating
only one HAT in each single mutant would have no im-
pact on nucleosome eviction. While we identified 122 genes
as being Eafl/GcenS-hyperdependent only in the eafi-AA
gen5 A double (Figure 11A), most of these genes still showed
increased nucleosome occupancies in each single mutant,
and merely display greater defects in the double mutant, in-
dicating non-redundant contributions of Gen5 and NuA4
to nucleosome eviction. The same is true for the TFIID-
dependent genes that exhibit a significant contribution from
Gen5 that is simply smaller than that attributable to NuA4.
One way to explain the non-redundant functions of these
two HATs is to propose that H3 acetylation by GenS and H4
acetylation by NuA4 make independent, additive contribu-
tions to nucleosome eviction or sliding, either by reducing
chromatin compaction or stimulating the recruitment via
acetylated histones of other co-factors involved in nucleo-
some remodeling.

Interestingly, we found that gen5 A has a greater effect on
TBP recruitment and transcription at the CR versus TFIID
genes (Supplementary Figure S17C), supporting the pro-
posal that SAGA functionally cooperates with TFIID in
TBP recruitment primarily at CR genes (44). In contrast,
eafl A reduces TBP recruitment more equally at both CR
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and TFIID genes (Supplementary Figure S17C). Huisinga
and Pugh also divided most yeast genes into two groups
depending on whether their transcription was strongly im-
paired by inactivation of TFIID subunit Tafl (‘TFIID-
dominated’) or by inactivation of Tafl only in cells also
lacking SAGA subunit Spt3 and moderately impaired by
elimination of Spt3 alone (‘SAGA-dominated’ genes). In
fact, the functionally related CR and SAGA-dominated
gene sets overlap extensively, and each is enriched for
both Gen5- and Eafl-hyperdependent genes (Supplemen-
tary Figure S16D, E) and for the ~6% of genes with the
highest occupancies of SAGA (Spt7-myc) and NuA4 (Eafl-
myc) in WT cells (Supplementary Figure SI8C, D). Inter-
estingly, the 170 TFIID-dependent genes of Donczew et al.
(2020) most highly transcribed in WT cells (hexTFIID), of
which 60% are RP genes, are equally likely as CR/SAGA-
dominated genes to recruit SAGA and NuA4 (Supple-
mentary Figure S18B versus C-D; Supplementary Fig-
ure SI8E) and to be hyperdependent on Gen5/SAGA and
Eafl/NuA4 for nucleosome eviction (Supplementary Fig-
ure S16G versus D-F). Our finding that GenS contributes
substantially to histone eviction and transcription of certain
TFIID-dependent genes, including RP genes, is consistent
with previous findings on the effects of deleting subunits re-
quired for SAGA integrity, and was attributed to a require-
ment at both CR and TFIID genes for the histone modi-
fication functions of SAGA in addition to SAGA’s role in
recruiting TBP (44). It is also consistent with previous ob-
servations by Huisinga and Pugh that Gen5 enhances tran-
scription of both SAGA-dominated and TFIID-dominated
genes (45). The vast majority of TFIID-dependent genes
show a greater dependence on Eafl versus GenS for histone
eviction and transcription (Supplementary Figure S17A-C)
and also selectively bind NuA4, albeit at low levels (Supple-
mentary Figure S18F).

Bruzzone et al. reported that AA of either GenS5 or the
NuA4 catalytic subunit Esal led to genome-wide reductions
in acetylated H4 or acetylated H3 in promoter regions and
reduced transcription of the affected genes, but which was
not accompanied by significant changes in H3 occupancies
or nucleosome positions (16). It seems possible that their
AA of GenS or Esal did not reduce the HAT functions suf-
ficiently to produce the defects in nucleosome eviction we
observed in genS A and eaf1 A strains. Indeed, we and others
observed that AA of various cofactors confers weaker mu-
tant phenotypes compared to the corresponding deletion
mutations (34) (12). Consistent with this explanation, we
found that AA of Eafl conferred increased H3 occupancies
that were merely less extensive than that given by eafl A. We
could not provide similar evidence for GenS because AA of
GenS in our strain had only minimal effects on H3 acetyla-
tion; thus, we cannot dismiss the possibility that the defects
in nucleosome eviction we observed in genSA cells require
a chronic loss of Gen5 HAT activity that leads indirectly
to altered expression of other factors involved in transcrip-
tion. One argument against this scenario is that SAGA, as
well as NuA4, is directly recruited to the SM-induced genes
on Gcend induction. Nevertheless, the findings of reduced
transcription without detectable defects in nucleosome re-
modeling of Bruzzone et al. suggest that GenS and NuA4
can stimulate transcription at least partly by enhancing
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recruitment of other cofactors via acetylated histones, or by
acetylating the cofactors themselves.

Bruzzone et al. reported that AA of Esal or GenS con-
ferred reductions in Rpbl occupancies that were more
widespread and extensive for Esal compared to GenS,
which is similar to our conclusions reached from gcn5A
and eafl A mutants. We further provided evidence that TBP
recruitment is impaired at genes where transcription is di-
minished in eafl A and gen5 A mutants. In cells treated with
diamide, where ~1400 genes were induced, these workers
observed little effect of Gen5 depletion, whereas Esal de-
pletion broadly dampened gene induction. For the SM-
induced transcriptome, by contrast, our results suggest that
Gcen5 and NuA4 both make important contributions to
transcriptional induction. We came to the same conclusion
for the most highly transcribed subset of constitutively ex-
pressed genes, particularly the RP genes that are so crucial
for robust cell growth.

In conclusion, our findings indicate that Gen5 and NuA4
functionally cooperate to enhance the repositioning and
eviction of promoter nucleosomes in a manner that stim-
ulates PIC assembly and attendant transcription of the ma-
jority of highly expressed genes, to which they are recruited.
These genes include those induced by Gen4 in amino acid-
starved cells, which generally require SAGA for promoter
activation, and also the most highly transcribed and TFIID-
dependent constitutively expressed genes, including those
encoding ribosomal proteins.
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